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MEASUREMENT AND INTERPRETATION OF PLASMA PROPERTIES 
TO 100 KILOBARS OF PFESSUFE* 

By  James W. Robinson 
The  University of Michigan 

SUMMARY 

Plasmas  were  produced  at  near-liquid  densities,  and  measurements of 
thermodynamic  properties  were  made  for  these  conditions.  The  range of 
pressures  investigated  was too  high  for  static  confinement, so the plasmas 
were  generated  under  water  which  provided  transient  inertial  confinement. 
Experimental  data  were  obtained  at  pressures of 4, 7.7, and 115 kilobars, 
Pressure  at  the  two  lower  levels  was  produced  by  the  inertial  restraint of 
the  water  which  surrounded  the  expanding  column of plasma.  The  pressure 
at  the  higher  level was produced  by  detonating an explosive  charge in the 
water  in  the  vicinity of the  plasma  column. 

At  each level of pressure,  the  temperature,  pressure,  and  internal 
energy of the  plasma  were  determined  experimentally.  At  the  lower  pressure 
levels,  internal  energy  was  predicted  from  temperature  and  pressure  data 
by  the  use of the Debye-Kiickel theory of shielding.  The  predicted  values 
were  lower  than  the  measured  values  by  a  factor of five,  so  a different 
theoretical  approach  was  sought.  A  calculation  based  upon  the  quantum 
mechanical  virial  theorem  introduced  the  strong  cohesive  forces  which  were 
needed  to  explain  the  measurements.  At  the  higher  pressure  where  tempera- 
ture  was  much lower,  the plasma  was  treated  as  a  partially  dissociated  gas 
of water  molecules  with a very  low  fraction of ionization.  The  equat.ion of 
state  was  modified  by  the  introduction of a covolume  which  was  required 
because  of  the  high  density of the plasma. 

INTRODUCTION 

A plasm can be defined  as an electrically  conducting  gas  composed of 
charged  particles of both  polarities.  Vast  ranges of temperature  and  density 
are  included  in  the  scope of the  definition.  The  greatest  concentrations 
of plasma  occur in stellar  bodies  where  any  semblance of atomic  structure 
is  completely  destroyed  because of the  high  density  and  temperature. At 

This paper  was  submitted in different  format as a doctoral  thesis  at  The 
University of Michigan. 



the  other  extreme  are  the  tenuous  gases of space  which  are  also  considered 
to be plasmas. 

No general  theory can  be applied to the  description  of  all  types of 
plasma.  Although  certain  physical  principles  have  general  validity,  the 
method of procedure  for  any  particular  range of density  is  established  by 
the  relative  importance of the  various  physical  processes  which  occur. 

For  a  particular  range  of  conditions,  a  model  is  constructed  upon 
which  computational  procedures  are  based.  The  model  is an idealized  rep- 
resentation  of  the  physical  processes  which  predominate  for  those  conditions. 
Any  model  sufficiently  general to describe all cases  would  be  hopelessly 
complex,  so  that  the  development  of  a  general  approach  for all types  of 
plasma  is  not  feasible. 

Often an experimental  investigation  depends  upon so many  variables  that 
an  accurate  and  simple  model  is  not  known. A realistic  model  may  lead  to 
mathematical  complexities  while an over-simplified  model  may  predict 
grossly  incorrect  relationships.  Error  can  also  arise  from  the  extension 
of  a  model  beyond  its  range  of  applicability.  Plasma  research  is  concerned 
with  the  development of theoretical  models  from  which  experimental  observa- 
tions  can  be  accurately  predicted. 

Not  only  is  there  a  lack of theoretical  knowledge of plasmas  but  also 
there  is a  lack  of  experimental  data.  Theory  is  not  easily  confirmed  in 
terms  of  data  because  experimental  variables  are  difficult  to  control  and 
to  measure.  The  method of confining  the  plasma  often  affects  the  properties 
of  the  plasma. 

Most  plasma  research  has  occurred  at  densities  below  electrons/cm 3 
Of  great  interest  in  this  range  are  phenomena  associated  with  communications, 
controlled  nuclear  fusion,  radio astronoq, and  gaseous  electronic  devices. 

Considerable  theoretical  progress  has  been  made in describing  plasmas 
as the  extreme  densities  of  stellar  interiors  where  atomic  structure  is  com- 
pletely  destroyed.  For  this  situation  the  Thomas-Fermi  model  describes  the 
electrons of an  atom  as an ideal  Fermi  gas  confined to a  spherical  volume. (1) 

This  paper  deals  with a  range  of  densities  lower  than  the  densities 
where  the  Thomas-Fermi  model  is  applicable,  yet  higher  than  densities  where 
the  great  bulk  of  plasma  research  has  been  conducted. In this  range  from 

to 1023 electrons/cm3,  the  interactions  between  particles  are  suffi- 
ciently  strong  that  models  based  upon  modifications of an  ideal  gas  often 
do  not  apply.  Although  the  Fermi  gas of electrons  in  a  metal  is  well  under- 
stood  at  these  densities,  the  behavior of a plasma  with  random  ion  locations 
is  not.  These  densities  are  obtained in  a  plasma  by  confining it  at  pressures 
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of apprcximately 100 kilobars. In this  study,  such  pressures  were  produced 
so that  properties of the plasmas  could  be  measured.  Pressure,  temperature, 
and  internal  energy  were  determined  experimentally.  These  results  were  com- 
pared  wiTh  thecretical  predictions to determine  the  appropriateness of the 
physical  models  from  which  the  theories  were  derived. 

Historical  Background 

As  experimentalists  extended  research to higher  pressures  and  tempera- 
tures,  the  principal  problem  to  be  solved  was  that of plasma  confinement. 
Not  only  would  materials  be too  weak  to  maintain  pressure,  but  they  would  be 
seriously  eroded if they  came  in  contact  with  the  plasma  being  studied. 

In the  late 1930's, Suits  measured  properties of plasma  under a static 
confinement of 1 kilobar. (2) The  test  chamber  contained a window  through 
which  photcgraphs  and  spectrographs of an arc  discharge  could  be  taken, How- 
ever, his  measurements  represented a limit in static  pressures  which  could 
not  be  easliy  surpassed.  Although  static  pressure  chambers  have been  con- 
str-xted to  produce  pressures of hundreds of kilobars,  they  are  not  adapt- 
able  to  plasma  study. 

E. A. Martin  produced  transient  plasmas at  several  kilobars of pressure 
by  using  inertial  confinement. (3) His  techniques  introduced an extension  to 
the  range of pressures  which  could  be  investigated  with  static  confinement. 
However,  the  measurements  then  became  dynamic  instead of steady  state  measure- 
ments, so that  the  experimental  problem  was  the  development of accurate in- 
strumentation  with a fast  time  response. 

Martin's  plasma  was  produced  by  discharging  a  capacitor  bank  between 
electrodes  submerged  in  water. A column of plasma  was  formed  which  grew by 
continuously  ionizing  water  at  its  boundary.  The  electrical  power  delivered 
to %he plasma  was  almost  completely  utilized  in  the  formation of new  plasma 
at  the  boundary,  Pressure  was  maintained  by  the  inertial  restraint of the 
water  which  surrcunded  the  column. As the  column  expanded  and  the  surround- 
ing  water  was  di.splaced, a cylindrical  shock  wave  was  formed  about  the  column, 
The  ccnfining  medium of water  was  transparent so that  photographic  observa- 
tions  could  be  made. 

hrtin was  able to measure  pressure,  temperature,  and  internal  energy 
of the  plasma.  The  measurements  could  be  checked  by  computing  internal en- 
ergy  from  pressure  and  temperature.  Although  quantitative  interpretation of 
the  data  was  not  conclusive,  the  methods  were  established  by  which  more  accu- 
rate  measurements  cculd be made. 

Fecently  Sherk  has  made  measurements of temperature for underwater ex- 
ploding  wires of different  metals. (4) He used a relatively  low-power  dis- 
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charge  with  a  relatively  heavy  wire so that  the  plasma  consisted  mainly  of 
metal  vapor  an? nnt. c;f  water as was  the  case for &.rtin's  work.  He found 
the temperature to be  a  function of ionization  potential of the metal. 

Several  Russians  have  investigated  the  production  of  strong  shock  waves 
in  water  from  underwater  electric  discharges. (5 ,6 ,7)  However,  they  have 
made  measurements of the  shock  waves  and  not  of  the plasmas. 

Seay  has  produced  a  helium  plasma  at 10l8 electrons/cm3  and 20 000°K 
by  passing  a  shock  wave  from  a  chemical  explosive  through  the  gas. (8) 

E. A. %din's Investigation 

E. A. krtin developed  several  concepts  and  techniques  in  his  work 
which  have  been  retained in the  present  investigation.  The  more  important 
of these  are  briefly  presented  here to supplement the  historical  account. 

The  plasma  column  was  formed  by  electrically  exploding  a  fine  initiat- 
ing  wire  which  was  stretched  between  the  discharge  electrodes.  Without  the 
wire  the  formation of the  plasma  was  delayed  many  microseconds  after  the  dis- 
charge  circuit  switch  was  closed,  and  when  electrical  breakdown  did  occur  the 
path  was  very  irregular.  The  wire  contaminated  the  plasma  but hrtin showed 
that  the  effect  was  negligible.  The  plasma  column  rapidly  inducted  water so 
that  after  a few tenths of a  microsecond  the  percentage  of  metal  was  very 
small. 

When an initiating  wire of 0.001 in. tungsten  was  used,  the  current  flow 
began  immediately  without  a  dwell  period  after  the  switch  was  closed.  The 
shape of the plasma column  was  a  uniform  cylinder  which  grew  at  a  reproduci- 
ble  rate.  The  boundaries of the  column  were  sharply  defined. Thus, the vol- 
ume of plasma  could  be  computed  as  a  function of time from  photographs  taken 
at  various  stages of growth. 

By order-of-magnitude  calculations  and  by  various  experimental  modifica- 
tions,  Martin  was  able to establish  two  important  properties of the  plasma. 
To a  good approximtion, the  plasma  was  in  thermodynamic  equilibrium  and  it 
was  a  black-body  radiator.  Both  properties  resulted  from the  high density. 
Thus,  the  temperature  could  be  determined  from an absolute  measurement  of  the 
radiation in a narrow  bandwidth  by  using  the  Planck  distribution  function. 

A s  the  plasma  column  grew  by  converting  water  at  its  boundary  into  new 
plasma,  the  energy  for  generating  the  plasma  was  transported  to  the  boundary 
of the  column  through  the  mechanism  of  ion  recombination  at  the boundary. 
Yet  the  temperature  and  current  density  were  fairly  constant  throughout  the 
column so that  calculations  could  be  based  upon  a  uniform  body of plasma. 
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%e migration  rate of atoms  that  were  eroded  from the electrodes  was 
shown  to  be  sufficiently small that  electrode  contamination of the  plasma 
could  be  neglected. 

Pressure  was  determined  indirectly from the  growth  rate of the column. 
The  rate  at  which  the  surrounding  water  was  displaced  was a function of the 
plasma  pressure,  which  could  be  computed  from  the  hydrodynamic  properties of 
the water. 

Scope of the  Present  Investigation 

Measurements of plasma  properties  were  made in two  different  ranges of 
pressure. Two series of tests  were  made in the range  from 4 to 8 kilobars of 
pressure  by  using  a  procedure  similar  to  that  which  Martin  used.  Then  measure- 
ments  were  made  at  approximately 115 kilobars by using  chemical  explosives  to 
generate  additional  donfining  pressure.  The  instrumentation  was  designed  to 
have  better  resolution  than Ivhrtin's  equipment so  that  a  more  significant  in- 
terpretation  of  data  could  be  made. 

The  use  of  chemical  explosives  was  introduced  to  extend  the  range o f  
pressures  under  which  plasma  could  be  produced  and  investigated.  An  underwater 
detonation  of an explosive  produces  a  shock  wave in the  water  which  has  a 
pressure  in  the  range of 100 kilobars.  When  this  shock  wave  is  made to pass 
through an existing  column of plasma,  such  as  &rtin  studied,  the  plasma  is 
compressed to the  higher  pressure. 

The  possibility  exists,  without  the  use  of  explosives, of producing  much 
higher  pressures  than  those  obtained by Mwtin, because an increase  in  the  rate 
cf rise cf discharge  current  results  in  a  pressure  increase.  However,  faster 
rates of current  rise  mean  reduced  confinement  times.  The  use of explosives 
made  possible 3 fairly  steady  pressure f o r  an observation  period of about 2 psec, 
independently of the  rate  of  rise of the  current. 

The  formation of a  uniform  plasma  in  the  high-pressure  region of the ex- 
plcsive  shock  wave  could  not  be  accomplished  directly.  Therefore,  the  plasma 
was  first  fcrmed in undisturbed  water  and  then  compressed by the  passage of 
the  shcck  wave.  The  di.rection of motion of the  shock  wave  was  normal  to  the 
axis  of  the  plasma  column so that  it  was  distorted  into a column  with an ellip- 
%ical  cross  section  when  the  shock  passed  through  it. 

For each  experimental  condition  that  was  investigated,  the  temperature, 
pressure,  and  internal  energy  per  unit  volume  were  determined  experimentally. 
Thus,  a  basis  existed  for  examining  theories in terms of experimental  data. 

The  plasma  at 115 kilobars  was  adequately  described  as a gas of partially 
dissocia.ted  molecules  with an excluded  volume.  Fractional  ionization  was  very 
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low  because of the  relatively low temperature of 10 000°K. 

However, in the 4 to 8 kilobar  range  the  temperature  was  between 30 000 
and 40 000°K and  ionization  was  very  significant. For this  range,  the  appar- 
ently  suitable  model  was  a  partially  ionized  gas  which  was  subject to Saha's 
ionization  equation  and to the  Debye-Hzckel  theory  of  shielding for ionized 
particles.  However, the  model  was  found to be very  much  unsuited to a  descrip- 
tion  of  the  plasma.  The  theoretical  prediction of internal  energy  from  pres- 
sure  and  temperature  was  too  low  by  a  factor  of  five. 

Therefore,  a  different  approach  to  the  theory  was  considered.  The  plasma 
was  treated  as  a  collection of ions and electrons  subject  to  the  quantum  mechan- 
ical  virial  theorem. No distinction  was  made  between  neutral  atoms  and  ionized 
atoms.  The  approach  was  found  to  be  much  more  satisfactory  than  the  Debye- 
Hickel  theory  although it was not  sufficiently  developed  to  yield  quantitatively 
accurate  results. 

From  the  attempts  to  generate  a  plasma  directly  in  the  region  of  high  pres- 
sure  created  by  the  chemical  explosive,  a  type of discharge  was  produced  which 
differed  from  that  obtained  by  compressing an existing  plasma  column. The dis- 
charge  path  formed  as a  mixture  of  two  types  of  plasma  which  had  significantly 
different  temperatures.  The  hotter  type of plasma  with  temperatures  in  the 
range of 10 000°K  was  apparently  the  same  as  that  which  was  obtained by com- 
pression  of  existing  plasma.  The  cooler  regions  had  temperatures in the  range 
of 6000 to 7 0 0 0 " ~ .  
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I. USE OF EXPLOSIVES FOR CONFINING PLASMA 

I n   t h i s   i n v e s t i g a t i o n ,  a chemical  explosive was used as a means of con- 
f i n i n g  plasma a t  a pressure  of  approximately 100 ki lobars .   There was no 
spec i f i c   i n t e re s t   i n   ex t end ing   t he   s c i ence   o f   exp los ives ,   bu t   r a the r   i n   adap t -  
ing  explosive  technology  to   the  problem  of   confining plasma. The method of 
confinement  had t o  be  compatible  with  the  techniques  for  measuring  the plasma 
p r o p e r t i e s .   I n   t h i s   s e c t i o n ,   t h e  problems s p e c i f i c a l l y   r e l a t e d   t o   t h e   u s e   o f  
explosives  and to   t he   des ign   o f   t he   exp los ive   cha rge  are discussed. The 
method of  determining  the  pressure  produced by the   explos ive  i s  described  and 
results are   presented  here .  

Choice  of  Explosive 

Chemical e x p l o s i v e s   a r e   c l a s s i f i e d   i n  two ca t egor i e s  which are d i s -  
t inguished by the   burn ing   ra tes .  ( 9 ,  p. 215) If t h e   v e l o c i t y   o f   t h e  combus- 
t ion   f ront   exceeds   the   ve loc i ty   o f   sound  in   the   unreac ted   explos ive ,   the   burn-  
ing  process i s  c a l l e d  a detonat ion.  However, i f  t h e   v e l o c i t y  i s  l e s s   t han  
that  of  sound,  the  process i s  c a l l e d  a de f l ag ra t ion .   Th i s   d i s t i nc t ion ,  known 
as Jouguet ' s   ru le ,   separa tes   explos ives   in to  two types  ohich  have  very  dif-  
f e r e n t   p h y s i c a l   c h a r a c t e r i s t i c s .  

The pressure   genera ted   in  a medium which  surrounds a detonating  explo- 
s i v e  i s  pr imari ly  a func t ion   of   the   dens i ty   and   compress ib i l i ty   o f   the  medium. 
However, f o r  a def lagrat ion  the  pressure  depends upon the  mechanical   s t rength 
of   the  container .   Detonat ion  pressures   great ly   exceed  the  yield  s t rengths   of  
most mater ia l s   and   thus   they   a re  much h igher   than   def lagra t ion   pressures .   In  
water ,   detonat ing  explosives   generate   pressures   exceeding 100 k i loba r s .  

The idea   o f   us ing   explos ives   to   conf ine  plasma o r ig ina t ed   w i th   t he  knowl- 
edge t h a t   p r e s s u r e s   u p   t o  100 k i loba r s  were obtainable  from detonating  ex- 
plosives .  With such  pressures as a goal ,   the   choice  of   explosive was neces- 
s a r i l y   l i m i t e d   t o   t h o s e  which detonate .  

Many types o f  detonat ing  explosives  are known, t h e  most fam 
i s  TNT. The type   chosen   fo r   t h i s  work, PETN i s  very similar t o  
i c a l   p r o p e r t i e s .   P e n t o l i t e ,  a mixture   of   these two types,   could 
used as could  other  less known types .  (10) 

i l iar  of which 
TNT i n  chem- 
have  been 

PETN was chosen  because it was t h e  most convenient   to   use,  It i s  com- 
merc i a l ly   ava i l ab le   i n  small quant i t ies   and   in   var ious   forms  among which a r e  
f l e x i b l e   s h e e t s   o f   d i f f e r e n t   t h i c k n e s s e s .  The s h e e t s   a r e   e a s i l y   c u t   t o   a n y  
s h a p e   d e s i r e d   t o   p r o v i d e   v e r s a t i l i t y   i n   t h e   u s e  of  the   explos ive .  
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The  abbreviation,  PETN,  stands  for  pentaerythritol  tetranitrate  which 
has  the  chemical  formula, C5He(N03)4. The  reaction of PETN liberates  nitrogen 
and  forms  simple  oxides.  Energy  released  is  from 1.3 to 1.5 kcal/g  depending 
upon  manufacture  and  conditions of use.  The  chemical  is  mixed  with a binder 
to  form  the  soft,  plastic  sheets  which  are  sold  commercially. 

The  sheets of explosive are  very  difficult  to  detonate  except  with  a 
blasting  cap.  According to the  manufacturer,  some  sheets  burned  when  they  were 
placed  in a  fire,  but  they  did  not  detonate. Also the  impact of rifle  bullets 
upon  a  sheet  with a steel  backing  plate  failed to initiate a detonation.  Yet 
the  manufacturer  warns  that the sheets  should  be  cut  with a single-bladed  knife 
and  not  with  shears  because of the  possibility  that  small  particles  might  be 
caught  between  moving metal parts of the shears  and  thus  be  detonated.  Detona- 
tion  was  reliably  initiated  with  common  dynamite  caps  which  were  available 
locally. 

Nominal  detonation  velocity  for  the  sheet  explosive  was 6500 to 7500 m/sec 
according  to  the  manufacturers  specifications.  The  velocity  was  measured  for 
this  particular  application  to  be 8000 m/sec. The  higher  value  for  measured 
velocity  is  attributed to  the fact  that  the  explosive  was  encased  in  steel  for 
this  application. 

Ekplosive  Charge Design 

The  peak  pressure  produced  by an explosive in water  depends  upon the  type 
of explosive  and  not  upon  the  amount.  However,  the  duration of the  pressure 
pulse  does  depend  upon the amount.  Therefore, if an explosive is to be  used 
to  confine a plasma  at  high  pressure,  the  amount of explosive  depends  upon  the 
desired  confinement  time. 

The  pressure  pulse  from an explosive  is  in the  form of a shock  wave  which 
propagates  through  the  medium,  water in this case,  at high  speed.  The  shock 
wave  consists of a discontinuity or front  between  the  undisturbed  medium  ahead 
of the  front  and  the  highly  compressed  medium  behind  the  front. As the  front 
moves  through  the  undisturbed  medium,  it  continuously  inducts  new  material 
into  the  compressed  region.  The  front  has a  finite  thickness  which,  however, 
is too  small  for  measurement.  The  thickness  has  been  estimated  at 10-5 or 
10-6 cm. (11, p. 45) 

The  peak  pressure of the  shock  wave  occurs in the  region  immediately be- 
hind  the  front  and  the  pressure  decreases  as a  function of distance  behind  the 
front.  Some  pressure-distance  profiles of a  shock  wave  are  shown  in  Fig. 1, 
which  represents  the  progression of a  wave  in  time.  They  show  both  the  decay 
of peak  pressure  with  time  and  the  spacial  pressure  distribution. 
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Fig. 1. Pressure  distribution in a shock  wave  for 
different  times  with t3 > t2 > tl. 

The  similarity  principle  is  useful  in  calculating  the  size  of  an ex- 
plosive  charge  needed  for a particular  application. (11) The  principle  is a 
scaling  law  which  states  that if dimensions  and  time of a particular  experi- 
mental  situation  are  multiplied  by a constant  factor,  the  pressure will  re- 
main  unchanged. For example,  suppose  a  spherical  charge  of  radius 3 is det- 
onated  with a blasting cap  at its  center.  At  some  radius R > a,  a peak pres- 
sure of P occurs  after T seconds  and the pressure  decays  to P' after 
T' seconds.  Then,  if  a  sphere of radius ka is  detonated,  peak  pressure P 
occurs  at kR after kT seconds  and  the  pressure  decays  to P' after kT' 
seconds.  Viscous  effects  cause  small  deviations  from  the  scaling law, and 
the  effect of gravity  invalidates  the  law  after  the  pressure  has  dropped to 
a low  level. 

An  estimate of the  required  charge  size  was  made  by  using  the  scaling 
law with  the  results of some  theoretical  calculations  by  Bethe  and  Kirkwood. 
Various  theories  have  been  developed  which  predict  pressure  by  analyzing  the 
detonation  process  with an equation of state of the  explosive  gases,  and  by 
accounting  for the nature of shock  propagation in the  water  which  surrounds 
the explosive  charge.  The  theories  require  many  approximating  assumptions 
and  lengthy  calculations.  Yet  the  results are reasonably  accurate  for  order- 
of-magnitude estimtes. The  theory of Bethe  and  Kirkwood  has  been  applied to 
a sphere of pentolite (50% TNT-50$ PETN) which  has a density of 1.60 g/cm3, 
with  the  results  shown in Table 1. (11, p. 123) The  table  is  expressed  in 
terms of ratios  which  are  invariant  under  the  scaling  law. 
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TABU 1 

THEORY OF BETHE AND KIRKWOOD APPLIED TO A SPHERF: 
OF PENTOLITE WITH RADIUS a I N  WATER 

Nor?nalized Peak  Normalized  decay 

R/a psi sec  cm 
radius,   pressure,  time constant  @/a,  

1 606 000 0.310 x 
10 21 200 1- 37 
25 6 310 2.22 

Assume t h a t  a confinement time of 2 psec i s  d e s i r e d   f o r  a plasma  which 
w i l l  be   loca ted   near   the   sur face   o f  a sphere  of  explosive. If pressure  decay 
can  be  approximated  by  an  exponential  function of  time,  then a decay  time 
constant  of 20 l s e c  i s  a reasonable  requirement.  According t o   t h e   t a b l e ,   t h e  
charge  radius would then  be 6.46 cm and  the  weight would  be 1800 g f o r   t h e  
condi t ion   tha t  R/a = 1. 

A sphere i s  not a reasonable  shape  for  the  explosive  charge  because a 
s t rong   pressure  wave propagates   in  a l l  d i r e c t i o n s  from a sphere  while a pres-  
sure  wave concentrated a t  t h e  plasma l o c a t i o n  i s  r e q u i r e d .   S t i l l ,   t h e   r e s u l t s  
from the   spher ica l   case   can   be   in te rpre ted  i s  a u s e f u l  manner. If a con ica l  
s ec to r  of the   sphere   in   ques t ion  i s  removed  from the  sphere  and  placed  in  a 
matching  hole i n  some dense  backing  mater ia l ,   then  the  sector   a lone w i l l  pro- 
duce a pressure wave along i t s  ax i s   equ iva len t   t o   t he   p re s su re  wave from t h e  
en t i re   sphere  of explos ive   a long   tha t  same axis. The subst i tut ion  of   backing 
mater ia l   for   explos ive  i s  i l l u s t r a t e d   i n   F i g .  2. O f  course no backing  mater ia l  

Fig. 2. Two equivalent   configurat ions  of   explosive  for   generat ing  pressure a t  
points  A and B: (a) a sphere;  (b) a c o n i c a l   s e c t o r  backed  with a dense medium. 
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can be  perfectly  rigid so that  the  substitution  of  backing  material is  not 
exactly  equivalent  to  using  the  entire  sphere of explosive.  However,  experi- 
ence  has  shown  that the  use of backing  material  is  practical. For an area  of 
2 cm2 on the  face  of  the  sector,  the  required mass of explosive  would  be  only 
6.9 instead  of 1800 g. 

The  actual  configuration  used  for  this  research  was a cylindrical  column 
of  explosive  which  weighed 9.6 g.  The column  consisted of discs  cut  from  the 
sheet  explosive  which  were  stacked  in a hole  bored  along  the  axis  of a 3 in. 
diameter  steel  cylinder.  The  hole  was 2 in. long  and 31/64 in.  in  diameter, 
and the  explosive  column  was  flush  with  the  end  of  the  steel  cylinder. A 
smaller  diameter  hole  was  bored  as  an  extension of the 31/64 in.  hole to re- 
ceive  the  cap  which  detonated  the  explosive.  The  assembly  is  shown  in  Fig. 3 -  

The  assembly  was  modified  by  bolting an  extension  to  the  end  of  the  steel 
cylinder.  The  extension,  conveniently  fabricated  from  brass  bar  stock,  con- 
tained a 112 in.  hole  which  was  aligned  with  the  hole in the  cylinder  and 
which  contained  water.  The  extension  prevented  the  shock  wave  produced  in  the 
water  from  diverging  as  rapidly  as it  would  have  done  without  the  extension. 
Thus  pressure  was  maintained  for a longer  period of time. 

The  steel  cylinder  was  destroyed  by  the  explosive  charge.  Figure 4 shows 
one  cylinder  ready  to  receive  the  explosive  and  another  cylinder  after  the 
detonation. 

Test  Facility 

Because of the  small  size of the  explosive  charge,  the  experiments  could 
be  conducted  at an indoor  test  facility.  Indoor  testing  was  desirable  because 
of  the  convenience of nearby  shop  facilities  and  because  of  weather  problems 
associated  with  outdoor  testing. A few  preliminary  tests  were  conducted  out- 
of-doors  to  determine  that it  would  be  safe  to  move  inside. 

The  problems to be  considered  for  indoor  work  were  ventilation,  personnel 
protection,  noise  suppression,  and  prevention of blast  wave  damage.  These 
were  successfully  solved.  The  work  was  conducted in areas  which  were  isolated 
from  other  perscnnel  and  were well ventilated.  The  detonations  were  always 
under  water so that  the  noise  was  muffled.  Furthermore,  the  water  prevented 
the  occurrence  of  high-velocity  projectiles. 

The  water  tank  in  which  the  experiments  were  conducted  was a section of 
steel  tubing 1 ft in  diameter  and 1 ft  long  with  walls 1 in.  thick.  It  was 
lined  with a replacable  polyethylene  bag.  The  tank  was  set on a concrete 
flocr with a shock-absorbing  spacer  between  the  steel  base  and  the  concrete 
to  lessen  the  impact  on  the  concrete. No damage  was  done  either  to  the  tank 
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Fig. 4. One s tee l   cy l inder   ready   to   rece ive   the   explos ive   charge  
and  another  after  detonation  of  the  charge.  



or to  the  floor.  Typically,  the  tank  moved  a  few  inches  during  a  test. 
Baffles  were  erected  to  contain  the  water  spray  and to stop  any  projectiles 
which might  occur.  The tank  and  a  baffle to catch  the  water  are  shown  in 
Fig. 5. 

See/  Tube 
Con fuining 

Wufer Buff/es 

Po/yefhy/ene Bog 

" -  
" -  
" 

Fig. 5. Explosive  charge  in  test  chamber. 

Handling  Methods 

Certain  precautions  were  observed in the  testing  procedure.  Although 
PETN is not  easily  detonated,  blasting  caps  are  sensitive  to  mechanical  shock 
and  to  electrical  transients.  Thus,  precautions  were  established  regarding 
use of the  caps.  The  placement of the  blasting cap was  the  last  operation 
to  be  performed in the  assembly  of  the  test  equipment.  Also  the  electrical 
leads  from  the  blasting  cap  were  not  connected to the  firing  circuit  until 
all preliminary  circuit  testing  had  been  completed.  The  actual  experiments 
were  conducted  by  remote  control  from  behind  barricades. 
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Timing of Detonation  and  Plasma  Formation 

7Y.e occurrences of the explosive  detonation  and  the  capacitor  discharge 
had to be related  through  some  timing  system so that  the  plasma  confinement 
could be achieved  consistantly. Two methods  were  considered for solving  this 
probiem, 

The  method  which  was  adopted  used  the  detonation  front of the  explosive 
to  close  a  switch.  The  switching  action  initiated an electrical  signal  which 
triggered  the  capacitor  discharge  after a delay of 2 psec. 

Various  switching  mechanisms  were  tried  which  depended  upon  the  rupture 
of a dielectric  material  separating  the  two  switch  electrodes.  The  final 
choice of switch  used  the PETN itself  as  the  dielectric  material.  Other in- 
vestigators  have  used  this  technique. (12) 

The  switch  was  constructed  by  grounding  the  steel  cylinder  and  inserting 
an  electrode  intc  the  PETN.  The  electrode  carried  a  potential of 5 kilovolts. 
As the  detonation  wave  propagated  through  the  explosive, it  converted the  ex- 
plosive  from an insulator  to  a  highly  conductive  medium  and  shorted  the  elec- 
trode  to  ground.  A  very  precise  and  rapid  switching  action  occurred  because 
of the  steepness  of  the  detonation  front. 

The  electrode,  which  was  simply  the  end of a No. 20 vinyl  insulated  wire, 
was  inserted  into  the  PETN  through  a small hole  drilled  in  the  steel  cylinder. 
The  tip of the  wire,  to  be  designated as a  sensor  wire,  was  offset  slightly 
from the hole so that  the tip would  be  in  the  conductive  region of the  PETN 
before  the  wire  was  sheared  off  at  the  hole.  The  wire  tip  was  precisely 
i3catPd r e l a t i v e  to the  end of the  steel  cylinder by setting  its  pcsition 
w l t h  a ceFt,h gage.  Because of the  finite  velocity  of  the  detonaticn  wave  in 
the  explcsive,  the  placement of the  wire  tip  determined  the  relative  timing 
of the  lnltiaticn of the  capacitor  discharge  and  the  arrival of the  shock  wave 
at  the  plasma lcjcat icn, 

Another  method  which  was  considered  was  the  use of a  master  control  unit 
which  would  emit  a  sequence of timed  pulses  to  initiate  the  detonation,  to 
trigger  the  capacitor  discharge,  and to operate  the  instrumentation.  However, 
the r'lring time  fcr  a  common  blasting  cap  is  measured in milliseconds  and 
time  jitter  was to be less  than 0.1 psec.  The  method  was  not  feasible  without 
the ~ l s e  cf a special  cap  with  a  firing  time of less  than 1 psec.  Such  a  com- 
mercially  available  cap  is  fired  by a spark gap instead  of  a  conventional 
bridgewire.  Even  with  such  a cap,  the  prospect of obtaining  low  jitter  was 
poor  because of the  time of about 10 psec required for the  detonation to 
propagate  through  the  column of explosive. 



Pressure Measurement 

The pressure  produced i n  water by the  exploding PETN was calculated  f rom 
a measurement o f   t he   ve loc i ty   o f   t he   shock  wave. There i s  no p res su re   t r ans -  
ducer  which  has  the  strength  and  response time t o  measure t h e  100 ki lobar   p res -  
sure   of   the   shock wave. Thus, t h e  method based upon  shock veloci ty   has   be-  
come s t a n d a r d   f o r  work with  explosives .  

For water i n  a g i v e n   i n i t i a l  s tate,  t h e   v e l o c i t y   o f  a shock wave has 
been  uniquely  determined as a func t ion   o f   t he  peak  pressure.  (13) Thus, a 
measurement o f   ve loc i ty   can   be   conve r t ed   d i r ec t ly   i n to   p re s su re .  The method 
i s  val id   only  for   high-pressure  nonl inear   shocks,   because  for  low pressures  
the   shock   ve loc i ty  i s  e q u a l   t o   t h e  sound ve loc i ty .  A t  h igh   pressures ,   the  
shock  veloci ty   great ly   exceeds  the  sound  veloci ty .  

Not only  can  peak  pressure  be  determined  from  shock  velocity,   but  the 
pressure  gradient   behind  the  shock  f ront   can  be computed  from t h e   a c c e l e r a -  
t ion   o f   the   shock   f ront   and   the   curva ture  o f  t h e   f r o n t .  (14) Details of t h e  
ca l cu la t ion   a r e   desc r ibed   i n   Sec t ion  4.  

Two methods were t r i e d   f o r  measuring the   ve loc i ty   o f   t he   shock  wave i n  
t h e  water. One method was based upon t h e  change  of  conductivity  of water 
which  occurs when a shock  front  passes  through it. (12) Wire p a i r s  were 
p l a c e d   i n   t h e  water in   t he   pa th   o f   t he   shock   f ron t   t o   r eco rd   t he   change .  Some 
use fu l   da t a  was obtained  but  t h e  method was q u i t e   s u s c e p t i b l e   t o   e l e c t r i c a l  
interference  because  of   the low p o t e n t i a l   c i r c u i t s  which  were  used t o  measure 
the   conduct iv i ty .  

A more convenient method was found  which  depended upon the  emission  of  
l i g h t  by a bubble o f  argon  gas when it was s t ruck  by a shock wave. This 
method has  been  widely  used i n  research   wi th   explos ives  as a t ime-of -ar r iva l  
i nd ica to r .  (15) 

The argon  f lash   un i t s  were cons t ruc t ed   by   d r i l l i ng  a 0.375 i n .   h o l e  
through a 0.040 in.   metal   plate  and  applying a p iece  o f  t r anspa ren t   t ape   t o  
e i t h e r   s i d e .  The space  between  the  tapes was f i l l ed   w i th   a rgon .  

A f l a s h   u n i t  was placed  in   the  water   above  the PETN a t  a known d i s t ance  
from t h e  end   o f   t he   s t ee l   cy l inde r .  When the   de tona t ion   f ront   reached   the  
end o f   t he  column of   explosive,  a f l a s h   o f   l i g h t  was emit ted from the  explo-  
s ive,   and la ter ,  when the  shock  f ront   in   the  water   reached  the  argon,  a 
second  f lash   o f   l igh t  was emit ted from the  argon.  The two l i g h t   f l a s h e s  
were recorded  with a phototube  and  an  oscil loscope so t h a t   t h e   t i m e  between 
them cou ld   be   de t e rmined .   In   add i t ion   t o   t he   l i gh t   f l a shes ,   an   e l ec t r i ca l  
pulse  was obtained  f rom  the  sensor   wire   in   the PETN. From the   t ime   i n t e rva l s  
and  the  posi t ions  of   the   sensor   wire   and  argon  f lash  uni t ,   the   shock  and  detona-  
t i o n  wave posi t ions  could  be  plot ted as funct ions  of   t ime.   Several  t es t s  with 
different   argon  f lash  uni t   spacings  provided a curve  of   the  shock  posi t ion as 
a func t ion  of t ime. 
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The  phototube  was  a  type 921 vacuum  photodiode.  The  load  resistor  for 
the  tube was  chosen to be 10 000 ohms which is  smaller  than  usual  practice 
requires.  The  choice of resistor  was  made  to  provide a  sufficiently  short 
rise  time  for  observing the light  flashes.  The  oscilloscope  input  capaci- 
tance of 20 pF was in  parallel  with  the  load  resistor  to  produce  a  time  con- 
stant of 0.2 psec.  Although  the  response  was  not  fast  enough to reproduce 
the  light  flashes  accurately,  the  important  data,  which  was  the  time  the 
flash  first  began to be visible,  was  obtained  satisfactorily.  The  load re- 
sistor  was  large  enough  that  no  amplification  of  the  signal  was  needed  to 
place  it  within  the  range of  the  oscilloscope  sensitivity. 

Shock  position  measurements  were  made  for  conditions  with  and  without 
the  brass-block  extension  which  was  described  previously.  The  results  of  the 
measurements  are  shown  in  Fig. 6. The  graph  shows  the  detonation  wave  as 
well  as  the  shock  waves in the  water. 
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Fig. 6. Shock  front  propagation  with  and  without  the 
brass  extension  to  confine  the  shock  wave. 

Velocity  was  determined  from  Fig. 6 as a function of time  and  from  it 
the  pressure  was  determined. Also the  pressure  gradient  was  estimated. 
Figure 7 shows  the  variation of peak  pressure  as a  function  of  the  distance 
of  travel  of  the  shock front.  The  figure  shows  that  the  effect of the  brass 



extension  was  to  prevent  divergence of the shock  wave  and  to  maintain  pres- 
sure for  a longer  period of time  than without the extension.  With  the  brass 
extension, the pressure  gradient  was  estimated to be 6 kilobars/mm,  whereas 
without  the  extension  the  gradient  was 10 kilobars/mm. 
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Fig. 7. Shock  front  pressure  as  a  function of distance  traveled. 

Shock  Curvature  and  Distortion 

The  argon  flash  units  were  useful in another  way  than for velocity  meas- 
urement.  When  used  with an open  shutter on a  camera,  they  provided  flash 
illumination  which  stopped  the  motion of the  shock  wave.  Thus,  the  shape of  
the shock  front  and  the  distortion of images  by  the  shock  front  could  be  deter- 
mined. 

"he amount of distortion  was  important  for  interpreting  photographs of 
plasma  which  was  behind  the  shock  front.  There  was  practically  no  distortion 
when the  direction of viewing  was  along  the  axis of the  cylindrical  explosive 
charge,  but  distortion  was  severe  at  right  angles to  the  axis. 

Figure 8 shows a photograph  taken  with an argon  flash.  The  grid  lines 
were  ruled  on a paper  which  was  located in the  high  pressure  region  behind 
the  front,  and  the  photograph  was  taken  from  a  viewpoint  slightly off the 
axis o f  the  hole  in  the  brass  block.  "he  partial  shield  hides  the  argon  flash 
unit from direct  view.  Clearly  the  distortion  from  this  view is negligible, 
even in the regions  near  the  edge of the hole. 

18 



L 

Fig. 8. Photograph  through  shock front with  argon  flash  illwnlnatlon. 
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11. EQUIPMENT FUNCTION  AND  DESIGN 

The  experimental  apparatus  consisted  of  several  subsystems  which  were 
designed  for  specific  purposes,  and yet  which  were  also  designed to function 
together  as a unified  system.  The  explosive-charge  assembly,  which  was  pre- 
viously  described,  served  the  purpose of  generating a high-pressure  shock 
wave.  However,  the  assembly  was  designed so that  it  would  be an integral 
part of the  more  complex  assembly  which  included  the  electrodes fo r  plasma 
generation.  The  total  system  included a triggered  capacitor  discharge  cir- 
cuit, a Kerr-cell  camera,  oscilloscopes,  current  and  voltage  probes,  and a 
timing  circuit  which  controlled  the  various  functions of the  system. 

The  experimental  system  was  designed  for  producing a plasma  at  high 
pressure  and for measuring  the  properties of the  plasma.  The  latter func- 
tion  imposed  many  restrictions  upon  the  design  that  would  not  have  been nec- 
essary  otherwise.  Furthermore,  the  system  operation  had to be  reproducible 
over a series of tests so that  results  could  be  accumulated  to  provide  much 
more  complete  and  accurate  data than could  be  obtained  from a single  test. 

Electrode  Design 

The  plasma  was  located  in  the  region of  high  pressure  behind  the  front 
of the  explosively  produced  shock  wave.  Thus,  the  electrodes  had  to  be sim- 
ilarly  located.  The  electrodes  were as close as  possible  to  the  explosive 
charge so that  time  jitter and  pressure  decay  could  be  minimized.  However, 
the  electrodes  would  have  been  short-circuited  by  the  explosive  by-products 
if  they  had  been  too  close  to  the  charge.  The  electrodes  were  designed so 
that  photographs  could  be  taken of the  plasma,  and so that  the  shock-wave 
contour  would  not  be  distorted. Also, the  electrodes  were  electrically in- 
sulated  to  prevent  the  discharge  from  forming  in an unwanted  position. 
Finally,  the  electrode  assembly  was  designed so that  many  such  assemblies 
coluld  be  built  in identical  fashion  because  each  assembly  was  destroyed  when 
it was  used. 

Of  many  designs  considered,  the  one  shown in Fig. 9 was  chosen for the 
taking  of  data.  Other  designs  were  used  for  some  tests  but  the  results of 
those  tests  are  not  included  because  they  were  not as  accurate or complete 
as  the  later  tests  with  the  design  which  is  shown. 

Previous  electrode  designs  were  based  upon  the  concept  that  electrodes 
made of lightweight  copper  sheet  would  move  with the  water  behind  the  shock 
front  and  thus  not  be  overtaken  by  the  cloud of explosive  by-products.  Signif- 
icant  data  were  taken  with  such  designs,  but  their  use  was  discontinued for 
several  reasons.  The  brass  extension,  which  prevented a rapid  pressure  decay, 
could  not  be  used  with  the  electrodes. Also the  electrodes  were  difficult 
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Fig. 9. Electrode assembly  and explosive charge. 
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to  construct  and  assemble  with  precision.  Finally,  the  system  which  used 
the  lightweight  electrodes  had a poor grounding  arrangement. 

Some  consideration  was  given to the  use of a high-density  dielectric 
material f o r  confining  the  shock  wave  in  place of the  brass  block  extension. 
However,  common  dielectric  materials  have  densities  not  greatly  different 
from  the  density of water.  High-density  dielectric  materials  are  almost  ex- 
clusively  glass or ceramic  compositions  which  would  be  very  difficult  to 
machine  into a usable  form. A mixture of tungsten  powder  in  epoxy  resin  was 
considered  but  it  would  have  been  expensive  to  use,  especially  as an expend- 
able  material. 

Thus,  the  system  shown in Fig. 9 was  developed.  Although  nothing can 
be  considered  stationary  when  subjected  to  the  explosive  shock  wave,  the 
electrodes  in  the  system  are  relatively  stationary  compared  with  the  adjacent 
water  and  plasma. 

One  electrode  is  the  wall of the 1/2 in.  diameter  hole  and  the  other 
electrode  is  the  copper  tube  which  is  centered  in  the  hole.  The  center  elec- 
trode,  which  was  the  cathode,  had a high  potential  relative  to  the  grounded 
anode.  The  unsymmetrical  placement of the  plasma  relative  to  the  explosive 
charge  was  no  problem  in  that  the  shock  front  had  no  significant  distortion 
over  the  entire  cross  section of the 1/2 in.  diameter  hole.  The  parallel 
electrode  surfaces  did  not  restrict  the  motion of the  plasma  as it  was 
carried  along  by  the  water. 

The  outer  electrode  was  grounded  along  with  the  explosive  casing. How- 
ever,  the  inner  electrode  was  kept  about 6 mm away  from  the  surface  of  the 
explosive.  With a mass  velocity of 2 mm/psec,  the  explosive  gases  required 
3 usee to  reach  the  electrode.  However,  the  shock  front,  with a velocity of 
5 mm/psec,  reached  the  electrode  and  the  plasma in a little  more  than 1 psec. 
Tklus, a period of  2 psec  was  available  for  measurements of  the  plasma  prop- 
erties  before  the  electrodes  were  short-circuited  by  the  explosive  gases. 

A fine  tungsten  wire  was  stretched  between  the  electrodes  to  initiate 
the  plasma  formation.  Without  the  wire,  the  plasma  formation  would  have  been 
unpredictably  delayed,  perhaps  many  microseconds,  and  the  plasma  would  have 
been  very  irregular.  However,  with  the  wire a uniform  cylindrical  column  of 
plasma  was  formed  with  no  significant  delay. A 0.0005 in.  diameter  wire in- 
troduced  time  jitter  into  the  discharge  but a 0.001 in.  diameter  wire  was 
adequate. m e  tungsten  did  contaminate  the  plasma  but  to a first-order  approxi- 
mation  the  effects of the  tungsten  could  be  neglected. (3, p. 265) After 
0 .3  psec the  number of  tungsten  atoms  was a small  fraction  of  the  number  of 
hydrogen  and  oxygen  atoms. 
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The tungst.en  wire was mounted by  threading  one  end  through a No. 80 
hole (0.0013 in.   diameter) i n  t he   s ide   o f   t he   cen te r   e l ec t rode   and   by   t h read -  
ing  the  c thzr   end  through a much l a r g e r   h o l e   i n   t h e   s i d e  of t h e   o u t e r   e l e c -  
t rode .  A snugg ly   f i t t i ng   w i re  was p res sed   i n to   t he   ho le  i n  t h e   o u t e r   e l e c -  
t rode   to   ho ld   one   end   of   the   tungs ten  wire i n   p l a c e .  The other  end was 
drawn up  through  the  center   of   the   inner   e lectrode  and  pul led  t ight .  

A probe wire was a t t ached   t o   t he   cen te r   e l ec t rode   fo r   measu r ing   vo l t age .  
The wire r an  along  the  ground  plane  to  a voltage  probe  which was a f e w  f e e t  
away, The probe  had  an  a t tenuat ion  of  1000 t o  1 and a r i s e  time o f  14 psec 
fo r   t he   sys t em  in  which it was used. The peak  vol tage  ra t ing was 40 000 
v o l t s .  

The capac i to r   d i scha rge   c i r cu i t  was grounded a t  the   b rass   b lock  by being 
at.cached t o  the  ground  plane a t  tha t   po in t   and   tha t   po in t   on ly .  All othe r  
e lements   of   the   discharge  c i rcui t  were f loa t ing ,   inc luding   the   capac i tor  
case  and  the  tr iggered  spark  gap. Thus, the   vo l tage  measured  by the  probe 
w a s  t h e  same as the   vo l tage  from t h e   c e n t e r   e l e c t r o d e   t o   t h e   o u t e r   e l e c t r o d e ,  
When the  probe  wire was a t t a c h e d   t o   t h e   o u t e r   i n s t e a d  o f  the   cen ter   e lec t rode  
the  measured vol tage was neg l ig ib l e .  

Equipment Protect ion 

Rel iable   operat ion  of   the  instrumentat ion depended upon the  adequate  
pro tec t ion   of   e lec t r ica l   and   op t ica l   sys tems from  t.he e f fec ts   o f   the   explos ion ,  
Wster spray  caused  trouble by d i r ty ing   op t i ca l   su r f aces  a.nd short ing  high-  
v o l t a g e   c i r c u i t s .  The spray  and  blast  wave from a t e s t  had no e f f e c t  on t h e  
instrumentat ion for t h a t   p a r t i c u l a r  t e s t  because  the measurements  were taken 
l r n g  5efore ti-e shock wave had time t.o break  the  surface  of   the  water .  The 
p ro tec t ion  w a s  necessary t o  avoid   f requent   repa i rs  of equipment  between 
t e s t s .  

The p ro tec t ion  was achieved  by  separat ing  the  instrumentat ion from t h e  
water  tank  with plywood wails which  had  portholes  for  taking  photographs  and 
passing  e lectr ical   connect ions.   Photographs were taken  through a g l a s s  window 
which was frequently  splashed  but  never  broken. The b a f f l e  above  the  tank 
caJght most of   the  water   spray  and  the plywood walls se rved   on ly   t o   s top   i n -  
d i r ec t   sp l a sh ing .  A s  fur ther   p ro tec t ion   aga ins t   occas iona l   d rople t s   o f  water, 
polyethylene  sheets  were  placed  over  the  electrical   equipment  before  each t e s t .  

Photographs  were  taken o f  t h e  plasma from a view  above t h e  water t ank  
through  the   sur face   o f   the   water .  A f ront -sur face   mir ror  was p laced   d i r ec t ly  
above  the  tank a t  a 45" angle so t h a t   t h e  camera  could  be  placed a t  the  s i d e  
cf the   t ank   beh ind   t he  plywcod w a l l .  The mirror was expendable. 



Capacitor  Discharge  System 

The  energy  for  generating  the  plasma  was  stored  in a 14.8 (nominal  value 
of 15) pF capacitor  which  was  rated at 20 000 volts.  The  capacitor  was de- 
signed  with  low-inductance  terminations  for  applications  requiring a fast 
discharge.  The  capacitance  was  measured  with a General  Radio  bridge,  type 
1650 A. 

A three-electrode  spark-gap  switch  was  designed to be  mounted on the 
capacitor  itself.  The  switching  occurred  between a hemispherical  electrode 
on the  high-potential  terminal  of  the  capacitor  and a flat  plate  electrode, 
which  contained  the  trigger  electrode.  The  trigger  wire  mounting  was  similar 
to  that  for a Lovotron  where  the  wire  protrudes  into  the  gap  from a hole  in 
the  electrode. A dielectric  sleeve  separated  the  trigger  from  the  main 
electrode. (16) The  flat  plate  electrode  was  mounted on a collector  plate  in 
such a way  that  the  spacing of the gap could be set as desired.  The  collector 
plate and another  plate,  which  was  bolted  to  the  capacitor  case,  served  as 
terminations  for  closely  spaced  copper  straps  which  led  to  the  electrodes  in 
the  water  tank.  The  termination  plates  were  insulated  from  each  other  with 
Wlar and  dielectric  paper. 

A positive  trigger  pulse  was  obtained  through a pulse  transformer  which 
isolated  the  pulse  generator  from  the  capacitor  discharge  circuit.  The 
capacitor  was  negatively  charged so that the  electrode  containing  the  trigger 
wire  was  the  anode. A positive  trigger  pulse on  the  anode is  considered as 
the  best  arrangement  of  polaraties  for  dependable  firing of the  gap. (16) 

The  inductance of the  assembly of capacitor,  switch,  and  connecting  straps 
was  measured.  The  connecting  straps  were  joined  together  to  short-circuit 
The  system, so that a ringing  discharge  occurred  when  the  spark-gap  switch 
was  closed.  The  ring  frequency of the  discharge  was 172 kc/sec  corresponding 
to an inductance of 58 nH. 

The  copper  connecting  straps  were a permanent  installation up to  the  ply- 
wood  barricade.  At  the  barricade  they  were  clamped to flexible  copper  straps 
which  entered  the  water  tank  and  which  were  attached  to  the  discharge  elec- 
trodes.  The  latter  straps  were  destroyed  with  each  test  and  had  to  be re- 
placed.  The  straps  were  closely  spaced  with Wlar insulation so that  their 
inductance  could  be  minimized.  The  total  length of  the  copper  connecting 
straps  was  approximately 3 ft. A schematic of the  discharge  circuit  is  shown 
in  Fig. 10. 

Grounding  System 

Recause of the  high  current  discharge,  the  electrical  systems  had to 
be carefully  grounded  to  avoid  spurious  effects  on  the  measurements. All 
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ins t rumenta t ion   chass i s  were connected t o  a copper  ground  sheet. The ground 
sheet  was connected t o   t h e   o s c i l l o s c o p e  room, t o  a galvanized s t ee l  enclosure 
around  the  capacitor  and spark gap  switch, t o   t h e  water t a n k ,   a n d   t o   t h e   d i s -  
cha rge   c i r cu i t  a t  t h e  low p o t e n t i a l   e l e c t r o d e  i n  t h e  water tank.  

The grounding   of   the   d i scharge   c i rcu i t   in   the  water tank  was necessary 
because  of   the way i n  which  voltage was measured. The port ion  of   the  ground 
p l a n e   i n   t h e  water tank  was destroyed  with  each t e s t  and  needed  replacement. 

S igna l   cab le s   t o   t he   o sc i l l o scopes  were  grounded a t  t h e   p o i n t  where 
they   en te red   t he   o sc i l l o scope  room, and  they were run through  copper  braid 
which was in   contact   wi th  the  ground  sheet .  

Timing  System 

The t iming   of   the   var ious   e lec t ronic   func t ions  was determined  by  the  sen- 
sor wire which was b u r i e d   i n   t h e  PETN and  which ac t ed  as a switch.  This  wire, 
a No. 20 vinyl-covered  copper wire about 3 f t  long,  ran  from a h o l e   i n   t h e  
s tee l ' cy l inder   ou t   o f   the   water  tank and  th rough  the   sp lash   p ro tec t ing   sh ie lds  
t o  a te rmina l  on the   pu lse   genera tor .  

The pulse  generator,  which i s  shown i n   F i g .  11, produced  three  simulta- 
neous  output  pulses  of  approximately 100 vol t s   ampl i tude .  The generator  it- 
s e l f  was a modif icat ion  of  a capac i t i ve   d iv ide r .  A charge was es t ab l i shed  on 
t h e   h i g h   p o t e n t i a l   c a p a c i t o r   o f   t h e   d i v i d e r   c i r c u i t .  Then the   sensor  wire i n  
t h e  PETN discharged   the   capac i tor   in to   the  low p o t e n t i a l   c i r c u i t   o f   t h e   d i v i d e r  
t o  produce a s t ep   vo l t age   ou tpu t .  The low p o t e n t i a l   c i r c u i t  was a c t u a l l y  a 
combination  of  capacitors  which  provided  multiple  outputs. The 48 ohm r e s i s t o r ,  
which was a few inches   o f   res i s tance  wire, provided damping t o  reduce  the 
tendency   of   the   c i rcu i t   to   r ing .  The 6800 ohm r e s i s t o r  was necessa ry   t o  
e s t a b l i s h   t h e   c o r r e c t  DC p o t e n t i a l s   i n   t h e   c i r c u i t .  

Even wi th   the   damping . res i s tor ,  some r inging  occurred a t  the   ou tput  
te rmina ls .  However each  terminal was connected t o  a 1000 ohm d e l a y   l i n e  which 
f i l t e red   ou t   the   r ing   and   a l so   se rved   the   p r imary   purpose   o f   de lay ing   the  
pulses .  The pulses  which were a v a i l a b l e  from t h e   d e l a y   l i n e s  were free from 
r ing  and  had  r ise  times of  0.2 psec. 

The block  diagram  of  Fig. 12 shows the  arrangement o f  t h e   d i f f e r e n t   c i r -  
c u i t s  which  were operated  f rom  the  pulse   generator .  The three  delay  e lements  
were  designed so tha t   t he   o rde r   o f   even t s  was: (1) t h e   t r i g g e r i n g   o f   o s c i l l o -  
scopes; ( 2 )  the   t r igger ing   of   the   capac i tor   d i scharge ;   and  (3) t h e   t r i g g e r i n g  
o f   t h e  Kerr c e l l   s h u t t e r s .  

The pulse   generator   could  be  t r iggered  manual ly   instead  of   by  the PETN 
switch.   This   feature   a l lowed  checking  of   the  operat ion  of   the  c i rcui ts   just  
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Fig. 11. Pulse  generator to produce  three  simultaneous pulses. 
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before  a test. Also, experiments  without  explosive  could bt.: performed  without 
modifying  the  system: 

Camera  System 

The  camera  was  designed  and  built  specifically  for  the  requirements of 
this  project  by  William N. Lawrence.  The  system  requirements  and  the  past 
experience of staff  personnel  with  Kerr  cells  determined  that  the  camera 
should  be  designed  with  Kerr  cell  shutters. 

Although  Kerr cell  cameras  require  much  higher  levels of light  intensity 
than  image  converter  cameras,  the  Kerr  cell  shutter  provides  a  much  better 
resolution. For the  small  object  size  and  high  intensity of the  plasma  under 
investigation,  the  Kerr  cell  was  therefore  more  appropriate. 

To obtain  a  sufficiently  large  image,  the  camera  was  required to have  a 
magnification of approximately  unity.  Yet,  because  of  the  destructiveness  of 
the  exploslve  charge,  the  camera  had to be placed  some  distance  away  from  the 
object.  These  two  requirements  were  met  by  using  a  lens of long  focal  length. 

The  camera  was  required  to  take  two  photographs  of an event  through  a 
single  lens  in  order to show  growth  patterns  of  the  plasma  under  investiga- 
tion. Thus, the  camera  was  designed  with  a  beam  splitting  mirror  behind  the 
lens  t3  form  two  separate  images.  Each  image  was  then  controlled  with  a  Kerr 
cell  shutter.  The  necessary  mirrors  and  shutters  could  be  installed  between 
the  lens  and  film  holder  because  the  design  for  a  magnification  of  unity  re- 
quired  a  fairly  long  optical  path  between  the  lens  and  the  film. 

The  geometric f number of an optical  system  is  determined  by  a  single 
diaphram,  even if several  are  included  in  the  system. All others  act as 
fleld  stops  instead of f stops, For this  system  the  lens  settings  determined 
the f s%op over  the  range of f/ll t o  f/32 and  the  Kerr  cell  aperature 
was a field st.op. However,  for  lens  settings  less  than f/ll, the  lens 
diaphram  became  a  field  stop  and  the  shutter  aperature  was  the  f  stop.  The 
camera  was  operated  in  the  range  from f / l i  to f/32. 

The  actual f number of the  system  was  different  from  the  lens  settings 
for  two  reasons.  First,  it  was  different  by  the  factor M+1, where M rep- 
resents  the  magnification  factor.  This  Tactor  is  negligible f o r  most  photo- 
graphic  applications  where M is  much  smaller  than 1. However,  for  this 
camera, M was  approximately  equal to 1. Also, the f number  did  not  account 
for the  absorption of light  by  the  polaroids  and  the  nitrobenzene in the 
shutters.  The  effect of absorption  was  not  determined,  although  it  may  have 
keen equivalent to several f stopsi 



Two identical  pulse  generators  were  built  to  provide  pulses  of 30 000 
volts to the  Kerr cell electrodes.  The  pulse  widths  were 0.1 psec.  Zarem's 
circuit  was  used  in  the  design of the  pulsers. (17) A thyrite  resistor in 
series  with  the  triggered  spark gap  switch  prevented  undesirable  ringing  and 
provided  a  monitor  signal. 

Voltage  and  Current  Measurements 

The  technique  of  measuring  voltage  was  described in the  section on elec- 
trode  design.  When  the  discharge  circuit  was  gro'unded  at  some  point  other than 
the  outer  electrode, a  significant  correction  to  the  voltage  measurement  was 
necessary.  Even  without  the  need  for  that  correction,  another  correction  was 
necessary  to  account  for  the  inductance  of  the  electrodes  and  for  the  induc- 
tance of the  plasma  itself.  The  correction  was  determined  by  measuring  the 
voltage of the  center  electrode  relative  to  ground  with a No. 18 copper  wire 
substituted  for  the  plasma  column.  The  inductance  measured  by  this  method, 
5 nH,  was  approximately  the  same  as  the  inductance  which  was  estimated  from 
the  geometry of  the  electrodes.  The  difference  between  the  inductance  of  the 
plasma  and  the  inductance  of  the  copper  wire  was  shown  to  be  negligible.  The 
inductive  correction  was  typically 10 to 20 percent  of  the  total  measured 
voltage. 

The  current of the  capacitor  discharge  was  measured  by  sampling  the  mag- 
netic  flux  of  the  discharge  with a  wire  loop.  The  voltage  generated  in  the 
loop was  proportional  to  the  rate of change of  flux  through  the  loop. Also the 
flux  was  proportional  to  the  current  in  the  discharge.  Thus,  the loop voltage 
was  proportional  to  the  time  derivative of the  current.  The loop was  connected 
to  a 70 ohm cable  which  transmitted  the  signal  to an ihtegrating  circuit 
which  was  mounted  next  to  the  input  terminals of  an oscilloscope.  The in- 
tegrated  signal  which  was  proportional  to  current  was  recorded  by  the  oscillo- 
scope  camera. 

Two precautions  were  necessary  in  the  design  of  the  current-measuring 
system.  The  inductance of the loop  had  to  be  sufficiently small that  the 
loop  would  act  as  an  ideal  voltage  source  in  driving  the 70 ohm line. Also, 
the  integrating  circuit  had  to  have  a  time  constant  which  was  long  compared 
to  the  time of duration  of  the  experiment.  The  integrating  circuit,  with a 
time  constant of 44 psec,  is  shown in Fig. 13. The  circuit  was  designed  to 
terminate  the 70 ohm cable  in a matched  load  as  well  as to integrate  the  signal. 

The loop  design  underwent  several  changes  until  one  particular  design 
was  found  which  met  the  needs of the  project.  The  final  design  actually  was 
much  simpler  than m n y  of its  predecessors.  Early  versions of the loop were 
inserted  into  a  cavity  between  the  current  carrying  copper  straps  through  a 
slot in one of  the straps.  These  versions  required  that the  discharge  cir- 
cuit  be  grounded  at  the  location of the loop. However,  the  need  for  ground- 



ing  the  circuit  at  the  discharge  electrode  led  to  the  loop  design  which  was 
finally  adopted. 
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Fig. 13. Integrating  circuit f o r  current  measurement. 

The  loop  was  made  by  soldering  the  center  conductor  of  the  coaxial  line 
to  a  point on the  braid  a  few  inches  from  the  end of the  cable  to  form  a  loop. 
The  braid  provided  electrostatic  shielding  for  the  loop  without  forming  a 
closed  metallic  loop  which  would  distort  the  flux.  The  braid  was  attached 
to  the  ground  sheet  but  not  to  the  discharge  circuit.  The  loop  was  placed 
near  the  discharge  circuit  to  link  the flux which  issued  from  the  space  be- 
tween  the  current  carrying  conductors.  The  space  between  the  current  carry- 
ing  conductors  was  widened  in  the  vicinity of the  loop  to  increase  the  number 
of  flux  lines  which  would  link  the  loop.  The  loop  and  the  conductors  were 
firmly  clamped  in  place  with  dielectric  materials. 

The  current-measuring  system  was  calibrated  by  making an oscillographic 
record of the  output of the  integrating  circuit  for  a  ringing  discharge. A 
short  circuit  was  clamped  across  the  current-carrying  straps  and  the  capacitor 
was  discharged  after  being  charged  to  a  known  potential. )From the  data,  the 
radian  frequency  and  the  decrement  of  the  discharge  could  be  computed.  These 
results,  when  combined  with  values for  capacitance  and  charging  voltage,  were 
sufficient  to  compute  the  peak  current  of  the  discharge. From the  oscillo- 
scope  trace,  the  peak  voltage  output of the  integrating  circuit  was  known. 
Thus,  a  calibration  factor  in  amperes  per  volt  could  be  calculated.  The  cal- 
ibration  factor  for  the  system  was 930 000 amperes  per  volt.  Occasional  checks 
of the  factor  showed  that  it  was  reproducible  within  the  limits  of  error  of 
the current  measurement. 

Oscilloscopes 

Two oscilloscopes  were  used to record  data.  One  was  a  dual-trace os- 
cilloscope  which  recorded  both  voltage  and  current of the  capacitor  discharge. 



The other   monitored  the  Kerr-cel l   shut ter   operat ion.  

The former  had a 25 megacycle  band  width  and  the l a t t e r  had  an 18 mega- 
cycle  band  width.  Both  oscilloscopes  were  equipped  with P-11 phosphors. 
Traces a t  0.2 psec/cm  were  recorded a t  f / l . 9  on film with  an ASA r a t i n g  
of 3000. 

The dua l - t race   osc i l loscope  was t r i g g e r e d   e x t e r n a l l y   i n  i t s  s i n g l e -  
sweep mode by a pulse from the  generator  which  has  been  described  previously.  
The other   osci l loscope was t r i g g e r e d  by the  plus   gate   f rom  the  dual- t race 
osci l loscope.  

A mixer c i r c u i t  was developed t o  monitor  the two s i g n a l s  from t h e  Kerr 
c e l l   p u l s e r s  and  the  plus  gate from the   dua l   t r ace   o sc i l l o scope .  The s i g n a l s  
were c a p a c i t i v e l y   c o u p l e d   t o g e t h e r   i n   t h i s   c i r c u i t   t o  form a composite  signal 
which showed the  increments   of   t ime  between  the  individual   s ignals .  



I11 TEMPERATURE MEASTJREkENT 

The plasmas unde r   i nves t iga t ion   r ad ia t ed   w i th   b l ack -body   spec t r a l   d i s -  
t r i b u t i o n s .  Thus, temperatures  could  be  determined  by  measurements  of  radia- 
t i o n   i n t e n s i t y   i n  a select .ed  spectral   band,  The Kerr c e l l  camera with Kodak 
Royal Pan f i l m  w a s  used as the   rad ia t ion   measur ing   device .  

The photographic measurement of   temperature   required  that   the  f i l m  
dens i ty   s ca l e   be   ca l ib ra t ed  as a func t ion  of temperature. With an  exposure 
t ime  of 0-1 psec ,   t he   r ec ip roc i ty  l a w  for photcgraphic  exposures was not 
v a l i d ,  so t h a t  a method o f  ca l ibra t ion   had   to   be   found which did  not  depend 
upon t h a t  l a w .  E x p l i c i t l y   t h e  law s t a t e s   t h a t  i f  changes  are made i n   b o t h  
ra.diation  intensity  and  exposure  t ime so tha t   t he i r   p roduc t  i s  not  changed, 
then  the  densi t .y   of   the  f i l m  image i s  not.  changed. 

A l l  photographs  were  taken  with  the same exposure  time  of 0 . 1  psec so 
tha t   t he   p rob lem  o f   r ec ip roc i ty   f a i lu re  was circumvented, Eowever, it was 
necessary t c  photcgraph a source  of known temperature   with  exact ly   the same 
prccedures as were  used  with  the unknowns in   o rder   to   de te rmine   the  f i l m  
dens i ty   cor responding   to   tha t   t empera ture .  From t h a t  one  point,  the  tempera- 
tu re-dens i ty   sca le  was deveicped. 

The f i r s t   s t e p  i n  c a l i b r a t i n g   t h e  fi lm was t o   o b t a i n  a source  of kncwn 
tempera7,ur-e. The source   had   to   be  a black-body  radiator a t  a s u f f i c i e n t l y  
high  temperature  to  be  photographed  with  the  Kerr  cei .1 c"a.mera.  The l l g h t  
durat lon had t c  h e  su f f i c i en t ly   sho r t   t ha t ,   t . he  film w c d d  nct.  be  fcgged by 
i ight   leakage  thrcugh  the  crossed  polaroids  of t he   Ker r   ce l l s  The source 
had t o  be reproduclblc,  

An undervater  spark was chosen t o   f i l l   t h e  requirementas  for a reference 
scurce .  A s lmple  e lectrcde  system was drvploped  which  could  be  substituted 
i n  place of t he   e i ec t rodes   u sed  fcr t h e   p r i n c i p a l  investigation. Wi.tlh t h e  
s u b s t i t u t e 6   e l e c t r o d e s ,  a plasma with a reproducible   and  easi ly  measured 
temperature was gene ra t ed   t o  meet t h e  need for a reference  source.  

The temperature cf the  reference  source was determined by t h e  methcd t h a t  
E ,  A ,  Martin  used i n   h i s   r e s e a r c h  on  underwater  sparks, ( 3 )  The s e n s i t i v i t y  
cf a vacuum phctcdiode for a narrcw  spectral  band was determined by measuring 
i t s  resFonse t c  a hot  tungsten  r ibbon which  had kncwn temperature ,   emissivi ty ,  
and  area.  Test.s showed t h a t   t h e  phot.odiode  respcnse  accurately  follcwed  the 
inverse square law f o r   d i s t a n c e  from scurce t c  sensor ,   men  the   photcd iode  
respcnse was measured fo r  rad ia t i . cn  from the  plasma,  Tests showed t h a t   t h e  
diode  respcnse was l inear   and   no t   sa tura ted .  The rad ia t . ing   a rea   o f   the  piasma 
TJas measured. 3 s  a funct ion of time by photographing  the plasma with  the  Kerr 
cell camera. From these  measurements,   the  temperatwe of t.he  shouce was det.er- 
minfd 



A cor rec t ion  which was neglected by h r t i n  was in t roduced   in to   the  
measurement  of  temperature. The co r rec t ion   a rose  from t h e   r e f r a c t i o n   o f  
l i g h t  from t h e  plasma when it passed  through  the  interface  between  water   and 
air a s  it t r ave led   t o   t he   pho tod iode .  The r e f r a c t i o n   c a u s e d   t h e   l i g h t   r a y s  
to   d ive rge  so tha t   the   photo tube  measurement was less than i f  no r e f r a c t i o n  
had  occurred. The co r rec t ion   f ac to r   can   be  shown to   be   t he   squa re   o f   t he  
ra t io   o f   indexes   o f   re f rac t ion   of   the  two  media. For water  and air t h e   f a c t o r  
i s  1.77. 

With no i n t e r f a c e   e f f e c t ,   s u p p o s e   t h a t   l i g h t   r a y s   i n   s o l i d   a n g l e  cp 
would reach  the  photosensi t ive  surface  of   the  tube.  Then wi th   t he   e f f ec t  
t aken   in to   account ,   the   so l id   angle  would  be cp/n . Thus, t h e  measured 
r a d i a t i o n  had t o  be  corrected by the   f ac to r   o f  n2. If d i s  the   d i s t ance  
from the   sou rce   t o   t he   i n t e r f ace   and  D i s  t h e   d i s t a n c e  from the   sou rce   t o  
the  sensor   then  the  exact   expression  for   the  correct ion i s :  

2 

n2 [l-d/D(  l- l /n) l2 

This becomes  n2 i f  d i s  small compared with D. 

k n y   s o u r c e s   o f   e r r o r   a r i s e   i n   t h e  measurement  of  plasma  temperature 
with a phototube.  Reasonable  estimates  of  the  errors were  combined  by t h e  
root mean square method to   e s t ima te   t he   unce r t a in ty   i n   t he   t empera tu re  meas- 
urement. The measured  value i s  be l ieved   to   be   wi th in  10 percent   of   the  
plasma  temperature. 

The s p e c t r a l  band  of   the  Kerr-cel l  camera included a l l  o f   t h e   o p t i c a l  
regicn  with a cu to f f   i n   t he   u l t r av io l e t   because   o f   t he   abso rp t ion   o f   t he  
glass  elements  of  the camera  and  of the   n i t robenzene   in   the   Kerr   ce l l s .  The 
b lue   r ad ia t ion  had t h e  most s i g n i f i c a n t   e f f e c t  upon the   f i lm  because   the  
s p e c t r a l   d i s t r i b u t i o n   o f   t h e  plasma was peaked i n   t h e   u l t r a v i o l e t   r e g i o n  
making the   i n t ens i ty   o f   b lue   g rea t e r   t han   t he   i n t ens i ty   o f   r ed .  No a t t e m p t  
was made t o  limit the  bandwidth  of  the  camera  because  over  the  optical   band 
t h e   r e l a t i v e   i n t e n s i t y   o f   r a d i a t i o n  as a funct ion  of   temperature  was prac- 
t i c a l l y   t h e  same rega rd le s s   o f   t he  band  chosen.  Figure 14 shows r e l a t i v e  
black-body  radiat ion  for   var ious  opt ical   bands.  A m u l t i p l i c a t i v e   s c a l i n g  
f a c t o r  was determined  for   each  of   the  three  curves  so that   they  could  be 
superimposed  for  comparison. 

The developing  procedure was standardized so t h a t   v a r i a t i o n s   i n   f i l m  
densi ty  from  development  would  be  minimized. The Royal Pan fi lm  with  an ASA 
number of 400 was developed i n  D-76 a t  70°F f o r  7 min w i t h   t r a y   a g i t a t i o n .  
The f i lm  was t r a n s f e r r e d   t o   a n   a c e t i c   a c i d   s t o p   b a t h   f o r . 1 5   s e c  and  then t o  
F-5 f i x e r   f o r  6 min. After  one-half   hour  of  washing  the  f i lm was t r ea t ed   w i th  
a so lu t ion  which reduced  surface  tension as a n   a i d   t o   d r y i n g .  
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Fig. 14. Variation  of  black-body  radiant power with  temperature  for  various 
s p e c t r a l  bands. 
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In order to account  for  minor  variations in  development and film  char- 
acteristics a certain  area of each  negative  was  given a known exposure.  This 
exposure  was  made  through a print  projection  scale  which  is a set of neutral 
density  filters  arranged  like  pieces of pie.  The  scale  was  placed in contact 
with  the  film so that  the  image  formed on  the  film  was  composed of sectors  of 
different  densities.  The  film  was  exposed  through the  scale  for 0.1 sec  with 
a conventional  camera  shutter.  The  lens of the  camera  was  pointed  toward a 
white  background  illuminated  with  tungsten  light  and  it  was  deliberately  mis- 
focused  to  produce  diffuse  illumination. 

The  density  scale  which  was  established on each  negative  served  two 
purposes.  It  determined  variations in image  density  because  of  variations 
in  development.  It  also  established a relationship  between  intensity of ex- 
posure  and  image  density.  This  relationship  was  used  to  extend  the  calibra- 
tion  of  the  film  density  for  one  particular  temperature  to a calibration  for 
other  temperatures  within  the  density  range. 

The  method of  extending  the  calibration  is  subject  to  two  criticisms. 
First,  the  calibration  extension  was  done  with  tungsten  light  which  differed 
from  the  light  of  the  underwater  plasmas.  Second,  the  calibration  was  done 
with  exposures of 0.1 sec  instead of 0.1 psec.  However,  these  criticisms 
were  shown  to  be  unimportant by photographing  the known temperature  source 
at 0.1 psec  with  different f numbers  and  observing  that  the  shift  in  film 
density  corresponded  to  the  shift  in f number. 

The  use of  an exposure of 0.1 sec to establish  the  density  scale  was 
based  on  an  assumption  about  the  reciprocity law, For the  law  to  be  valid 
the  film  density D is given by  some function of the  product of intensity 
and  exposure  time,  It.  Yet, if  instead  of D = f(It), the  equation  can  be 
written D = f[I  g(t)], then  the  procedure  which  was  used  is  valid.  This 
modified  equation  does  describe  the  situation  within  the  accuracy of the  ex- 
periment  previously  described. 

The  range of  temperature  from 10 000 to 30 000°K corresponded  to a range 
of 3 f stops or an image  density  range of 1.0 where  density  is  the log 
base 10 of relative  light  transmission of the  film.  Density  was  measured 
with a recording  microphotometer. 

In actual  practice  the  plasma  temperature  was  anticipated  and  the f 
stop on the  lens  was  set so that  the  film  density  would  be  in  the  middle  of 
the  density  range  where  microphotometer  measurements  were  most  accurate.  The 
range of  measurement  was  thus  determined  by  the  range of f stops of  the 
lens.  The  discussion on camera  design  indicated  the  range to be  from  f/ll 
to f/32 which  covers 3 f stops. Plasmas  were  photographed  with  tempera- 
tures  estimated to be  as low as 6000"~ and as  high  as 50 000°K with  the  most 
accurate  range  being  from 10 000 to 30 000°K. 

" 
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I7. PRESSURE MEASUREMENT 

The  means of determining  plasma  pressure  depended upon  whether or 
not  explosive  was  used to confine  the  plasma.  Without  explosive,  the  pres- 
sure  was  computed  from the rate of plasma  column  expansion. Also the  pres- 
sure  produced  by  the  magnetic  pinch  effect  was  included.  However,  with ex- 
plosive the  pressure  was  primarily  that  produced  by the explosive  shock 
wave  with  minor  corrections  for  the  effects of magnetic  pinch  and  column 
expansion. 

The  properties of shock  waves in water  are  involved in calculations of 
pressure  both  with  and  without  explosives.  When  explosives  are  used,  the 
explosive  by-products  act  as  a  piston  which  pushes  water  ahead of it in the 
112 in.  diameter  chamber.  In  either  case,  the  plasma  column  is a radially 
expanding  cylinder  which  displaces  water to create a  cylindrical  shock  wave 
about the column.  The  expanding  column may be  considered  as a generalized 
form of piston. 

A shock  wave  is a  region of high  pressure  ahead of the  piston  which  is 
producing  the  shock  wave.  The  region  is  bounded  by  the  piston  and  by  the 
shock  front  which  propagates  ahead  of  the  piston.  Regions  ahead  of  the  shcck 
front  remain  undisturbed  until  the  front  sweeps  through  them. 

Shock  Front  Equations 

Regardless of the  shape o r  decay  rate of a shock wave, the  conditions 
at the  shock  front  can all be  calculated  from  one  measured  quantlty  such  as 
+>he  shock  front  veloclty.  The  chock  front  equations  and  an  equation  of  state 
determine  the  pressure,  density,  and  mass  velocity of the  medium  directly 
behind  the  front  in  terms of the  shock  front  velocity  and  the  properties  of 
the  undisturbed  medium  ahead  of  the front, 

A shock  front  model  is  shown  in Fig, 15 where  subscript (0) refers to 
ccnditions  ahead of the front  and  subscript (1) refers to conditions im- 
mediately  behind  the  front..  The  front  velocity is us  and  mass  velocity be- 
hind  the  front  is  ul.  Let P represent  pressure; V, specific  volume;  an? 
m ,  mass flow  rate per  unit area of shock  front. 

The  three  conservation  laws fo r  mass,  momentum,  and  energy  can  be  applied 
to  the  transition  which  occurs  across  the  shock  front.  However,  the  energy 
equation  is  not  needed  because of the  property of water known  as separable en- 
ergy. ( 9 ,  p. 7) If S is  entropy,  then  energy E can  be  written  approximately 
as 

E = E'(V) + E"(S)  (4.1) 
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Fig. 15. Shock  front  model. 

The  pressure  is  given by 

Therefore,  pressure  is  a 
ible  effects  which  occur 

function of specific  volume  alone  and  the  irrevers- 
during  the  passage of the  shock  front  can  be  neglected. 

Thus, the  energy  conservation  equation  is  not  needed. 

The  conservation  laws of mass and  momentum  are  the  following: 

%mentum: mul = P1 - Po 

These  two  conservation  laws  can  be  written  in  the  following  form: 



With  these  equations, the shock front  problem  is  completely  solved when  an 
equation of state is known which  gives P as  a  function of V. 

The  equation of state  which  is  used  is  the  integrated  form of the modified 
Tait  equation of state. (11, p. 39) 

The  quantities, B and n, are slowly  varying  functions of entropy  which  are 
treated  as  constants  according  to  the  assumption of separable  energy.  The  con- 
stent n is  taken  as 7 and  the  constant B is  taken  to  be  consistent  with 
the  velocity of sound  in  the  limit  that V1 approaches Vo. For a sound 
velocity of 1483 m/sec, B is 3140 x lo5 N/m2 or 3140 bars. 

If both us and u1 are  measured,  then P and V can  be  determined 
directly  from  the  conservation  equations  without an equation of state.  Such 
measurements  have been made  by  Walsh  and  Rice to verify  that the modified 
Tait  equation of state  is a valtd  representation  of  the  properties of water. (13) 

For the  simple  case of a plane  shock  front  with  constant  velocity,  the 
pressure  and  mass  velocity  are  uniform  and  constant  throughout  the  entire 
region  between  the  shock  front  and  the  piston  which  is  producing  the  shock  wave. 
The  piston  moves  with a velocity  equal  to  the mass velocity of the  compressed 
medium. Thus, the  shock  front  conditions  alone  are  sufficient to determine  the 
pressure  distribution  over the entire  shock  wave. 

Nonuniform  Pressure  Distributions  in  Shock  Waves 

In the  ideal  case  just  described,  the  pressure  is  uniform  over  the  entire 
compressed  region.  However,  if  the  shock  front  is  curved o r  if  the  piston 
velocity  is  not  constant,  the  pressure  varies  with  both  time  and  space  coor- 
dinates.  The  pressure  immediately  behind  the  front  is  still  determined  from 
the  front  velocity,  but  the  pressure  varies  over  the  region  between  the  front 
and  the  piston.  The  shock  front  equations  are then used  as  boundary  conditions 
for  the  more  general  problem of the  nonuniform  shock  wave. 

If the  time  rate of change of the  shock  velocity  and the shock  front 
curvature  are  known in addition  to  the  shock  velocity,  then  it  is  possible  to 
compute the pressure  gradient  and  mass  velocity  gradient in the  region  imme- 

39 



diately  behind  the  front. (14) The  equation  for  the  pressure  gradient  is: 

The  sound  velocity c1 is  computed as a function of P1 from  the  equation 
of  state,  and rl is the  radius  of  curvature of the  shock  front.  This  equa- 
tion was  used  for  estimating  the  pressure  gradients  given in  Section I. 

The  general  approach  to  finding  pressure  and  velocity  distributions  for 
the  shock  wave  consists  of  solving  differential  equations  for  mass  and  momentum 
conservation  subject to the  equation  of  state  for  water.  Once  again  the  en- 
ergy  equation  is  dropped  because of  separable  energy. For a cylindrical  shock 
wave,  the  differential  equations  become: (9 ,  p. 29) 

(4.10) 

where p is density, r is radius, u is  mass  velocity,  and t is  time. 
These  equations  must  be  solved  subject  to  the  shock  front  conditions  and 
subject  to  the  condition  that  at  the  piston  face,  the  piston  velocity  equals 
the  mass  velocity. 

The  Cylindrical  Shock  Wave 

The  cylindrical  shock  wave  is of interest  because  the  expanding  column 
of  plasma  generates  such a shock  wave.  The  pressure of the  column  of  plasma 
relative  to  its  surroundings  determines  the  rate of  expansion  of  the  column. 
Thus, a measurement  of  column  expansion  rate  can  be  used  to  compute  the  pres- 
sure.  However,  the  apparent  expansion  rate of the  column  exceeds  the  effec-tive 
rate  for  computing  pressure  because  the  column  itself  is  continually  convert- 
ing  water  into  plasma  at  its  boundary.  The  problem  can  be  interperted  in 
terms  of  expansion of a fixed  amount of plasma  if the  expansion  rate  is  cor- 
rected. 

For a given  piston  velocity,  corresponding  to a given  column  expansion 
rate,  the  piston  pressure  is  certainly  less  for a cylindrical  geometry  than 
fo r  a plane  geometry  because of the  divergence  of  flow  in  the  cylindrical  case. 
The  effect  of  divergence  can  be  seen  in an elementary  way  by  making  the  assump- 
tion  that  pressure  is  constant  over  the  shock  wave. If pressure  and  therefore 
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density are constant,  the mass velocity  must  be  inversely  proportional  to 
the  radius  if  mass  is  to  be  conserved.  With  the  added  assemption  that  the 
variable  quantities are functions  only of the  ratio of radius to time, 
r/t = y, then  uy is a constant. If the  shock  front  is  denoted  by  sub- 
script (1) and  the piston by subscript (2) ,  then  the  condition  that piston 
velocity be equal to mass  velocity  at  the  piston  face  determines  that 
uy = yz2.  At the  shock  front  the  equation  becomes  usul = uz2 = yz2  where 
us = yl. Thus, u1 < u2 because us > y2. Therefore, the pressure,  which 
is a  function of the mass velocity  at  the  shock  front,  is  less  than  that 
which  would  have  been  computed  for a plane  wave  with  the  same  piston  velocity. 

The  preceeding  analysis  is  not  adequate  because  the  momentum  equation  is 
not  satisfied.  The mass velocity  is  not  constant so that  the  pressure  gradient 
must be different  from  zero,  which  is  contradictory  to  the  assumption.  Actu- 
ally  the  pressure  is  higher  near  the  piston  than  it  is at the  shock  front, 
although  the  piston  pressure  is  not  as  high  as  it  would  be  for a plane  geometry. 

The  problem  has been  treated  in  detail  by G. I. Taylor  for a  spherical 
geometry. (9 ,  p. 424-429) The  treatment  assumes  that the dependent  variables 
are  functions  only of r/t which is y. The  assumption  restricts  the  appli- 
cability  of  the  solution  to  cases  where  the  piston  velocity  is  constant.  The 
method  of  solution  can  be  used  for  a  cylindrical  geometry  with  only  a  slight 
change in the  form of the  equations.  Fortunately,  the  expansion  rate of the 
cylindrical  plasma  column  is  nearly  constant so that  it  is  possible to use  the 
solutior;  of  Txylor. 

Taylor's method  reduces  the  problem  to  solving a first-order  nonlinear 
differential  equation  and  to  performing  two  quadratures. All three  operations 
require  numerical  methods  which  are  best  handled  by a computer.  Some  computa- 
tions  were  done  with  this  method  by  hand  for  comparison  with  results  obtained 
by a more  simple,  yet  less  accurate,  method  to  be  described  shortly.  The 
uncertainties  in  the  growth  rate  data  were  sufficiently  large  that a precise 
computer  solution  would  have  been of little  more  value  than  the  solution  to 
be  described  presently. 

The  assumption  that  dependent  variables  are  functions  only of y was 
included  in  the  approximate  calculation  which  was  used  to  determine  plasma 
pressure  as a  function of growth  rate.  The  calculation  was  based  upon  the 
following  expression: 

pu = cy9 (4.11) 

C is a constant  and q is an undetermined  exponent. For q = -1, the  method 
reduces  to  that  described  earlier  where  pressure  was  held  constant.  The  pres- 
sure  was  allowed  to  vary  by  letting  q  be  different  from -1 so that a more 
realistic.calcu1ation  could  be  made. 



The  functional  relation  for pu was combined  with  the mass conservation 
equation to obtain  expressions  for p and u in  terms  of y and an integra- 
tion constant K. 

(4.12) 

The  previously  used  subscript  notations  are  continued in  this  calcula- 
tion. In  terms of the  notations,  the  boundary  conditions  at  the  shock  front 
and  at  the  piston  are  written: 

(4.14) 

From  the  boundary  conditions,  the  quantities  at  the  piston  can  be  described 
in  terms of the  quantities  at  the  shock  front, 
shock  front in  the  undisturbed  medium,  and  the 

P2 = P1 - +1 po 
2 

the  quantities  ahead of the 
parameter q. 

(4.16) 

(4.18) 

The  problem  is  solved if  q is  determined  from  the  momentum  equation, 
but  the  problem  is  too  complex  for  such  a  simple  approach  to  yield an exact 
solution.  There  is  no  value of q  which  satisfies  the  momentum  equation. 
However,  q  can  be  chosen so that  the  integral of the momentum  equation  is 
satisfied.  That  is,  the  average  negative  pressure  gradient  is  equated  to 
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the   average   t ime  ra te  of change  of momentum over  the  region  occupied  by  the 
compressed  water. The equat ion  can  be  integrated by separa t ing   the   var iab les ,  
p and  y, i f  

The assumption 
i s  as follows : 

one mkes   the   assumpt ion   tha t  

q-l E >> yq-l  
q+l c (4.20) 

was v a l i d   f o r   t h e   c a s e s   o f   i n t e r e s t .  The in tegra ted   equat ion  

(4.21) 

+ y= 
39-1-y239-1 

( 3s - l )b3  
[-Sa+( 4q+2)a2-(   q+l)a3]  

with a = q-l /q+l ,  b = aK/C,  and  with B equa l   t o   t he   cons t an t  from t h e  
equat ion   of   s ta te .  

In   p rac t i ce  a value  of q was assumed  and  with it the   p i s ton   condi t ions  
were  computed in   terms  of   specif ied  shock  f ront   condi t ions.  The r e s u l t s  were 
s u b s t i t u t e d   i n t o   t h e   i n t e g r a t e d  momentum equat ion   . to   check   the   va l id i ty  of 
the  choice  of q. From the  check, a new value  of q was estimated  and  the 
procedure was repeated. The calculat ion  usual ly   converged  with 3 or 4 cycles .  

Plasma pressure was computed as a func t ion   of   expans ion   ra te   for   severa l  
points  so that   the   curve  of   Fig.  16 could  be  drawn. A second  curve  in   the 
f i g u r e  shows the   p ressure  which  would  be obtained i f  the  shock wave were  plane 
r a the r   t han   cy l ind r i ca l .  

Plasma Column Growth 

The growth r a t e   o f   t h e  plasma  column was measured  by  time  resolved  photo- 
graphy  using  Kerr  cells .  Two photographs  with  exposure  times o f  0.1 psec 
were  taken  during  each  tes t .  The t iming  of  the  exposures  could  be  varied 
from  one t e s t   t o   t h e   n e x t  so t h a t   t h e  growth rate  could  be  determined  over 
t he   en t i r e   t ime   o f   i n t e re s t .  The exposure  pulses  were  monitored  with  an 
osci l loscope so t h a t  a record  of   the  t iming  could  be  obtained  for   each  tes t .  
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16. Pressure as a func t ion   o f   ve loc i ty   fo r  a plane 
p is ton   and   for  a radial ly   expanding  cyl inder .  

Each discharge  e lectrode  assembly  carr ied two p a r a l l e l   s c r a t c h  marks on 
the   b ra s s   b lock  which  were a known d i s t ance  apart. Those  marks served as a 
reference from  which the  dimensions of the  plasma column could  be  determined. 
The Kerr c e l l  camera was focused by ro t az ing  one  of  the  polaroid windows so t h a t  
t h e   c e l l  would pass l i g h t .  Then, b e f o r e   t h e   c e l l  was c losed   in   p repara t ion   for  
t h e   t e s t ,  a time exposure was made t o   r e c o r d   t h e   s c r a t c h  mark spacing on a sep- 
arate sheet  of f i l m .  The shee t   o f  film wi th   the   sc ra tch  marks was compared t o  
the   shee t   o f  film with   the  plasma image t o  determine  the plasma dimensions. 

The a c t u a l  measurement of  dimensions was done with a p ro jec to r  which 
produced a 1OX enlargement  on a ground  glass  screen. A r u l e r  was used t o  
measure t h e  plasma images  on the  screen  and  to  compare  them wi th   the  image 
o f   t h e   s c r a t c h  marks. 

The boundar ies   o f   the   p lasm column appeared t o   b e   q u i t e   d e f i n i t e .  How- 
ever ,   the   ex is tance  o f  a diffuse  boundary would  have meant tha t   the   apparent  
plasma dimensions  depended upon t h e  amount of exposure  of  the film, with  the 
more dense image appea r ing   t o   be   l a rge r .  Yet highly  overexposed  photographs 
did  not  appear  to  be  any  larger  than  normally  exposed  photographs.   Thus,  
t h e   p o s s i b i l i t y  of a diffuse  boundary was dismissed. 
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The  cylindrical  shock  front  which  propagates  outward  from  the  plasma 
column  causes  distortion of the  image of the  column  because of light  refrac- 
tion.  Thus,  the  measurement of column  dimensions  must  be  corrected  for  the 
distortion. No data  could  be  found  for  index  of  refraction of water as a 
function of pressure at  high  pressures, so that a calculation of distortion 
was not  feasible.  However, the effects of distortion  were  determined  ex- 
perimentally. 

A steel pin  was  placed in a position  normal  to  the  tungsten  initiating 
wire  with  the  pin  point  being  nearest  the wire, A time  exposure  was  taken 
of the  arrangement  before  the  plasma  was  formed to  record  the  relative  posi- 
tions of the  wire  and  the pin. Then  a  Kerr  cell  exposure  was  made  after  the 
plasma  was  formed  and the  cylindrical  shock  wave  had  swept  over  the  pin  point. 
A reflector  behind  the pinproduced  a silhouette of the  pin  point.  The  pin 
did  not  move  appreciably  in  the  time  interval of interest  because of its  high 
density  and  its  shape.  Thus,  by  comparison of the  two  photographs,  the appar- 
ent  displacement of the  pin  point  could  be  used  to  determine  the  amount of 
distortion. 

The  amount of distortion  would  be  more  severe at the  pin  point  than  at 
Ih? surface  of  the  plasma  column  which  was  nearer  the  center of the  cylindrical 
sh3c'n h->nt. Even so, the  distortion  could  barely  be  observed. As an  estimate 
it was 3n the order of 5 percent. For the  calculations  of  pressure  the  dis- 
tortisn  was  then  completely  neglected. 

The  creation of new  plasma at the  plasma  column  boundary  makes  the  growth 
rate  greater  than  what  it  would  be  for  a  constant  amount  of  expanding  plasma. 
In fact,  the  plasma  does  not  undergo  any  significant  expansion  once it  is 
I'crrnFd because  the  temperature  and  pressure of the  plasma  column  are  practically 
csnstant. Yet  the  water  surrounding  the  column is pushed  outward as new  plasma 
1s frjrmed fro:n water  adjacent  to  the colmn. As the  water  is  converted  into 
plasma  it  expands  to  occupy a volume  much  larger than its original  volume so 
that  the  remaining  water  is  forced  outward. As the  ratio  of  plasma  volume to 
the  volume of water  which  produced  the  plasma  becomes  large,  the  distinction 
between  the  actual  growth  rate  and  the  rate  caused  by  pressure  alone  becomes 
negligible. For a  typical  volume  ratio of 10 to 1, a cylinder of water  of 
unit  radius  expands  into a cylinder of plasma of radius JlO or 3.16, Thus, 
the  pressure-related  growth  rate  is loo( 3.16-1)/3.16 or 68.4 percent of 
the apparent  rate. 

With  the  various  considerations of this  section,  the  growth  rate of a 
plasma column can  be  determined  with an uncertainty of about 10 percent.  Then, 
from  cylindrical  shock  wave  theory  the  uncertainty  is  magnified  to  approxi- 
mately 20 percent of the pressure. 
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Pinch  Pressure 

The force  on  the  plasma  current  from i ts  se l f   magne t i c   f i e ld  is  s i g n i f -  
i c a n t  when t h e  plasma  has no explosive  confinement. The force ,  known as a 
pinch  force,   contr ibutes   to   the  pressure  of   the   plasma.  The t o t a l   c o n f i n i n g  
pressure   then  becomes t h e  sum of the  shock wave pressure  and  the  pinch  pres- 
sure .  

The pinch  pressure i s  not  uniform  through  the  plasma  but it i s  g r e a t e s t  
a t  the   cen te r .  When cu r ren t  i s  uniformly  distributed  over  the  plasma  cross 
sec t ion   the   express ion   for   p ressure  i s  (18) 

(4.22) 

where R i s  the   r ad ius   o f   t he  plasma  column  and r i s  the  independent  radius 
v a r i a b l e .  I i s  current   and p i s  the  permeabi l i ty   of   the   plasma which i s  
t aken   t o  be t h a t   o f   f r e e   s p a c e   f o r   t h i s   a n a l y s i s .  The average  pressure  over 
the  plasma  volume was used  for   calculat ions  of   the   plasma  propert ies .  The 
average  pinch  pressure i s  given by 

P = "  
2 

8n2$ 

Explosive  Confinement  of  Plasma 

When no explosive i s  used,  the  plasma  pressure i s  determined  from  the 
growth r a t e  and  the  pinch  effect .  The ambient  pressure i s  neg l ig ib l e .  Yet 
when explosive i s  used  the  ambient  pressure i s  approximately 115 k i loba r s  and 
the   o the r   e f f ec t s  become secondary. The plasma  pressure i s  then   equal   to   the  
ambient  pressure  plus some small co r rec t ions .  

The ambient  pressure  which i s  e s t ab l i shed  by t h e  shock wave from the  ex-  
plosive  has  been  determined  in  Section I t o  be ll5 k i loba r s .  The co r rec t ions  
a re   de te rmined   in   the  same way as the   cont r ibu t ions   to   p ressure  were  determined 
for   the  case  without   explosive  except   that   the   plasm column  does  not  have a 
c i r cu la r   c ros s - sec t ion   bu t   r a the r   an   e l l i p t i ca l   one .  The column i s  d i s t o r t e d  
when t h e  shock front  passes  through it. As an  approximation  the column may be 
considered  to  have a c i r cu la r   s ec t ion .  

The calculat ion  of   pinch  pressure i s  i d e n t i c a l   t o   t h e   c a l c u l a t i o n   f o r  
the   o ther   case .  
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The  calculation of the  pressure  differential  between  the  plasma  and  the 
surroundings  proceeds  in  the  same  manner as previously  except  that  the  undis- 
turbed  medium  into  which  the  cylindrical  shock  propagates  is  considered  to  be 
water at 115 kilobars.  Plasma  pressure  was  calculated  as a function of column 
growth  rate  for an ambient  pressure of 115 kilobars.  The  results  are  shown 
in Fig. 17. Once  again  the  growth  rate  which  is  measured  exceeds  the  rate  to 
be used  in  the  pressure  calculation  because of the  formation of plasma  at  the 
column  boundaries. 
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Fig. 17. Pressure of a  radially  expanding  cylinder  in  water 
with an ambient  pressure of 115 kilobars. 

The  plasma  column  is  somewhat  more  complicated  than  the  preceeding  analysis 
implies.  After  the  shock  wave  has  swept  through  the  plasma  column  and  com- 
pressed  it,  the  plasma is still  being  traversed  by  reflected  shock  waves. The 
dimensions  of  the  plasma  are  sufficiently small that  the  transit  time  of  the 
reflected  shocks  is  about 0.1 ysec, so that  pressure  equilibrium  should  be 
established  fairly  quickly.  The  effects of the  reflected  shocks  upon  pressure 
are  completely  neglected. 

The  other  correction  to  the  plasma  pressuce  arises  from  the  existance  of 
a  pressure  gradient  behind  the  shock  front. If the  gradient  is 6 kilobarsjmm 
and  the  plasma  is 2 mm behind  the  shock  front,  then  the  pressure  correction is 
-12 kilobars. 

I .. 

The  negative  correction  from  the  pressure  gradient  is  offset  by  the  pos- 
itive  corrections  from  the  pinch  effect  and  column  expansion.  The  net  correc- 
tion  is  such  a  small  percentage of the  ambient  pressure  that  it  has  been is- 
nored  in  the  calculations  which  are to follow.  The  plasma  pressure  is c m -  



sidered to be 115 kilobars with an uncertainty of about 10 percent which 
arises from the uncertainty in the shock velocity measurements. 
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V. EXPERIMENTAL RESULTS 

The  experimental  results  are  presented in three  sections  which  represent 
three  different  series of experiments at different  pressures.  The  first  two 
are  measurements of plasma  properties  at 4 and 7.7 kilobars  which  were  made 
without  the  use of explosives to confine  the  plasma.  The  third  series  was 
made  with  explosives  which  established  a  plasma  pressure of ll5 kilobars. 

The  only  difference  in  procedure  between  the 4 kilobar  tests  and  the 7.7 
kilobar  tests  was  in  the  amount of inductance  included in the  discharge  cir- 
cuit.  Inductance  was  deliberately  increased  for  the 4 kilobar  tests so that 
the  rate of current  rise  would  be  less  than  for  the 7.7 kilobar  tests. 

The  only  difference  between  tests  at -(.7 kilobars  and 1.15 kilobars  was 
in the  use of  explosives  at  the  higher  pressure  level. 

For all  tests,  the  storage  capacitor  was  charged  to 14 kilovolts  as  meas- 
ured  with an electrostatic  volt-meter.  Stored  electrical  energy  was 1450 
joules . 

For all tests,  the  length of the  plasma column was  approximately 3/16 in. 
The  electrode  separation  was  measured  with  a  ball  gage  before  each  test  to 
account  for  minor  variations in  spacing  caused  by  variations  in  electrode 
manufacture  and  assembly. 

Some  auxiliary  tests  (without  explosive)  were  run  with  plasma  columns of 
different  lengths to show  that  length  was not  a  significant  variable  in  deter- 
mining  the  properties of the  plasma  per  unit  1engt.h.  Plasma  voltage  was  found 
to be  proportional to the  length  of  the  plasma  column, As a  result,  electrode 
phenomena  were  unimportant in the  analysis of the  plasma. 

The  plasma  was  replaced  with  a No. 18 copper  wire  for  certain  tests  to 
determine  the  inductance  of  the  plasma  and  electrodes. For various  rates of 
current  rise  the  voltage  was  found  to  be  proportional to the  rate of rise. 
F r o m  the  data  the  inductive  correction  for  a  particular  test  with  plasma 
could  be  determined  as  a  function  of  the  rate of current  rise for that p r -  
ticular  test. 

The  assumption  was  made  for  computing  the  inductive  correction  that  the 
current f o r  any  particular  test  could  be  represented  by  a  normalized  current- 
time  function  multiplied  by  appropriate  constants. This was  not  strictly  true 
in  that  during  the  first 0.2 psec the  rate of current  rise  through  a  plasma 
column  was  lower  than it  would  have been  through No 18 copper  wire  given  the 
same  average  rate of rise  over  the  entire  time  interval of interest.  The  high 
initial  inductance  and  resistance of the  tungsten  initiating  wire  were  the 
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cause of  the  slower  rate of rise  until  the  plasma  column  had  grown  somewhat. 
This  minor  effect  was  neglected in determining  the  inductive  correction to the 
voltage of the plasm. 

The  accuracy  of  the  current  measurement  was  very low during  the  first 
0.2 psec  when  the  current  was  nearly  zero.  Thus,  the  early  data  should  not 
be  given  much  significance.  At  later  times  the  integrated  electrical  energy 
is  subject  to the error  in  the  early  data, yet the  percentage  error  in  the 
total  energy  is  small.  Thus,  the  significant  results  are  found in the  range 
of  time  beyond  about 0.5 psec. 

Tests  were  performed  both  with  and  without  explosive to show  that  there 
was  no  significant  fraction of the  discharge  current  passing  through  the 
water  surrounding  the  discharge  electrodes  instead of through  the  plasma  column. 
The  tests  were  conducted in  the  usual  manner  except  that  no  tungsten  initiat- 
ing wire  was  used. No plasma  column or other  visible  conducting  path  was 
formed  during  the  first 2 psec so that  any  current  flow  had  to  be  leakage  cur- 
rent  through  the  water. No discharge  current  could  be  detected  even  though 
the  potential  across  the  electrodes  rose  to  the  level of the  charging  voltage 
of  the  energy  storage  capacitor. 

Plasma  at 4 kilobars 

The  plasma  was  produced  with  a  discharge  current  which  had  a  rate of rise 
of  approximately 50 000 A/psec. Several  tests  were  performed  which  were  as 
nearly  alike  as  possible  with  tests  being  discarded  when  some  obvious  malfunc- 
tion  of  equipment  occurred. 

Data  points  were  taken  from  photographs of  oscilloscope  traces  of  current 
and  voltage.  Kerr  cell  photographs  were  obtained  for  the  purposes of determin- 
ing  the plasm dimensions  and  temperatures.  The  oscilloscope  traces  for  monitor- 
ing  the  Kerr  cell  exposures  were  photographed. 

The  graph  of  Fig. 18 shows  the  growth of the  plasma  column  diameter  as  a 
function  of  time.  The  symbols  occur in pairs  to  identify  the  photographs  taken 
during  each  test.  The  times  are  taken as the  midpoints  of  the 0.1 psec ex- 
posure  intervals. Two photographs of the plasm column  are  shown  in  Fig. 19. 

There  was  no  apparent  variation  of  temperature of the  plasma  with  time 
over  the  interval  represented  by  the  photographs.  Thus,  the  plasma  temperature 
was  considered  to  be  the  average of all the  temperatures  from  all  the  photo- 
graphs.  The  result  was 38 000°K with  a  root  mean  square  deviation of 8 0 0 0 " ~ .  
In this  particular  series,  the  temperature  was  somewhat  above  the  range  where 
temperature  measurements  were  most  accurate,  and  thus  the  deviation  was  quite 
high. 
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Fig.  18. Growth o f   t h e  4 kilobar  plasma  column. 

Fig.  19. Two photographs i n  sequence  of   the 4 kilobar  plasma  column. 

From t h e   c u r r e n t   a n d   v o l t a g e   d a t a ,   t h e   e l e c t r i c a l  power a n d   e l e c t r i c a l  
e n e r g y   p e r   u n i t   l e n g t h  of plasma  were  computed as func t ions   o f   t ime .  The 
computations are summarized i n   T a b l e  2. The ave rage   vo l t age  was c o r r e c t e d  
f o r   t h e   i n d u c t i v e   e f f e c t s   a n d   m u l t i p l i e d   b y   t h e   a v e r a g e   c u r r e n t   t o   o b t a i n  
power which was d iv ided   by   the   l ength   o f   the   p lasma column t o   o b t a i n  power 
p e r   u n i t   l e n g t h .  The  power f u n c t i o n  was g r a p h i c a l l y   i n t e g r a t e d   t o   d e t e r m i n e  
the   e l ec t r i ca l   ene rgy   wh ich   had   been   abso rbed  by the  plasma as a f u n c t i o n   o f  
time. E l e c t r i c a l  power i s  p l o t t e d  as a f u n c t i o n   o f   t i m e   a l o n g   w i t h   r e s u l t s  
f r o m   t h e   o t h e r   s e r i e s   o f   t e s t s   i n   F i g .  20. 



TABLE 2 

CALCULATION OF ELECTRICAL ENERGY FOR 4 KILOBAR PLASMA COLUMN 

(4.23 mm average  length) 

- ~~ 

Average  Average Inductive Corrected 
current ,  voltage voltage,   voltage,  

kA kV correct ion,  

E l e c t r i c a l  power Elec t r ica l   energy  
per mm of column per  mm of column 

length,  length,  
Time, 
psec kV 

kV Mw/m J/mm 

0.0 
0.1 
0.2 
0.3 
0.4 
0 * 5  
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2  
1.3 
1.4 

0.0 

4.65 
" 

9.30 
13.9 
20.1 
27.9 
32.5 
41.7 
43.4 
48.1 
54.3 
59 .O 
63.5 
69.7 

" 

" 

3.57 
2.77 
2.16 
1-93 
1.73 
1.53 
1.43 
1-33 
1.23 
1.20 
1.17 

1.07 
1.10 

"- 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

" 

" 

3.37 
2.57 
1.96 
1.73 
1.53 
1.33 
1.23 
1.13 
1.03 
1.00 
0 -97 
0.90 
0.87 

0.0 
" 

3.7 
5.6 
6.5 
8.2 
10.1 
10.2 
12.1 
11.6 
12.8 
12.8 
13.5 
13.5 
14.3 

0.0 

0.37 
0.83 
1.43 
2.21 
3-09 
4.12 
5.17 
6.35 
7.56 

" 

8.8 
10.2 
11.6 
12.9 
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Fig. 20. Electrical power as a function of time for the three series of t e s t s .  



F u r t h e r   c a l c u l a t i o n s   f o r   t h e   p l a s m   a r e  summarized in   Table  3 .  

The pressure  determined as a function  of  channel  expansion must  be  based 
upon a corrected  expansion rate. Water has a density  of  atoms  of 1029 m-3. 
I f  a cyl inder   of  water of u n i t   r a d i u s  expands t o  form  plasma  with a dens i ty  
of n  atoms  per  cubic  meter,  then  the  plasma column w i l l  have a radius  of 
(1029/n)1/2. The ac tua l   expans ion   ve loc i ty  i s  determined  from  the  difference 
between  the  plasma  column  diameter  and  the  diameter  of  the  original column 
of  water s o  t h a t   t h e   e f f e c t i v e   d i a m e t e r  Dl i s  given  by a funct ion  of   the 
actual   d iameter  D and  the  densi ty   n .  

D' D 

The diameter D was determined  from  the  growth  curve  and  then Dl was 
computed on the   bas i s   o f  n = 5 x 1027. The choice  of n was determined 
from t h e o r e t i c a l   d i s c u s s i o n s   t o   f o l l o w   i n   l a t e r   s e c t i o n s .  One half   the   t ime 
r a t e   o f  change  of D' was used as the   ve loc i ty   o f   r ad ia l   expans ion   i n   de t e r -  
mining  the  pressure  from  cylindrical  shock wave theory  which was d i scussed   i n  
the  preceeding  sect ion.  

The plasma  column diameter  growth  rate was not   exact ly   constant  so t h e  
shock wave theory was not   s t r ic t ly   appl icable .   Yet ,   the   devia t ions   in   g rowth  
r a t e  were small. Thus, the  theory was used  and  the  pressure a t  any   pa r t i cu la r  
time was determined  f rom  the  s lope  of   the  corrected  growth  ra te   curve a t  t h a t  
time . 

Pinch  pressure was determined as a function  of  t ime  from  the  current  and 
the   ac tua l   d iameter  D. 

Then t h e  sum of  the two pressure   cont r ibu t ions  was found. The sum was 
assumed t o  be  the  confining  pressure which i s  equal t o  t h e  combined e f f e c t s  
of k ine t ic   mot ion   of   the   p lasma  par t ic les   and   in te rac t ion  among t h e   p a r t i c l e s .  

Radiation  and  mechanical work done  upon the  water  surrounding  the  plasma 
are   energy   losses  which  must   be  subtracted  f rom  the  e lectr ical   energy  to   deter-  
mine t h e   n e t   e n e r a   o f   t h e  plasma relat ive  to   the  energy  of   the  water   f rom 
which t h e  plasma was formed. 

Radiation  losses  were computed f o r   t h e  plasma  on a basis  of  black-body 
r a d i a t i o n  a t  38 000°K from the   su r f ace   a r ea  of t h e  plasma  column. The power 
loss was in t eg ra t ed  as a function  of  time  to  determine  energy loss. 
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TABLE 3 

CALCULATION OF PRESSURE AND INTERNAL ENERGY PER UNIT VOLUME FOR 4 KILOBAR PLASMA 

Volume per mm Pressure calcu- Magnetic Total Energy lost Mechanical  work 

Time, cO1umn 
p sec length, pressure, PJ 

of column lated from cor- pinch pressure by radiation of expansion per 
diameter, rected column per mm of mm of column energy, 

U) 
J/m3 m expansion rate, column length, length, mm2 kilobar kilobar 

kilobar J/mm J/m 
0.0 " 

"- "- " "_ " " " 

0.1 " 

0.2 0.23 
0.3 0.34 
0.4 0.44 
0.5  0.55 
0.6 0.66 
0.7 0.76 
0.8 0.86 
0.9 0.97 

ul 1.0 1.07 
1.1 1.17 
1.2 1.24 
1.3 1-33 

ul 

"_ 
0.042 
0 .og1 
0.152 
0.237 
0.342 
0.453 
0.581 
0.738 
0.893 
1.08 
1.21 
1.39 "- 

" "- 
0 .'26 3.5 
0.48 3.6 
0.64  3.6 

1.14 4.0 

1.49 4.4 

1.43 4.2 

1.44 "e 

0.85  3.9 

1.16 4 . 1  

1.28 4.2 

1-37 4.2 

" "- 

" 

0.0083 
0.0189 

0.0418 
0.0642 

0.1205 

0.0234 

0.0905 

0.1545 
0.1923 
0.2338 

" 

0.0108 
0.0259 
0.0433 
0.0677 
0.0975 
0.129 
0.166 
0.210 
0.254 
0.308 
" 

" 

8.43 
8.63 
3.94 
8.87 
8.63 
8.62 
8.40 
8.12 
7.96 

" 

7-70 
" 

" 



Mechanical  work  was  the  integral  of P dV  with a special  interpretation 
of the  quantities P and V. P included  only  the  expansion  pressure  contribu- 
tion  and V was a corrected  volume  which  was  less  than  the  actual  volume  by 
the  factor  (1-n/1029).  The  plasma,  once formed,  was  nearly  motionless so that 
expansion  against  the  magnetic  field  was  nut a contributing  factor. 

The  losses  were  subtracted  from  the  electrical  energy to determine  plasma 
internal  energy  which  was  normalized  per  unit  volume.  The  losses  were  minor 
corrections  to  the  energy. 

From  the  calculations  the  three  quantities  which  are  of  significance  for 
the  theoretical  analyses  to  follow  are: 

Internal  Energy u - 8.4 x lo9 J/m3 
Pressure P - 4 kilobars 
Temperature T - 38 000°K 

The  numbers  are  chosen  to  represent  the  measured  properties  within a small  per- 
centage  over  the  time  interval  from 0.5 to 1.1 psec. 

Plasma  at 7.7 Kilobars 

For the  series  at -(.7 kilobars,  the  rate of current  rise  was  approximately 
100 000 A/psec.  The  results  were  computed  from  data  averaged  over  several 
tests.  Calculations  were  performed  in  the  same  way  as  for  the  series of meas- 
urements  at 4 kilobars. 

The  average  plasma  temperature  was 32 000°K  with a root  mean  square  devia- 
tion  Of 4000°K. Once  again  no  trend  of  temperature  variation  with  time  was 
observed.  The  growth  rate  as  determined  from  Kerr  cell  photographs  is  plotted 
in Fig- 210 

The  corrections  of  growth  rate  and  volume  expansion  were  based  upon a 
value of n = 1028 for  this  series. 

The  calculations  are  tabulated in the  same  form  that  was  used  for  the 
first  series  in  Table 4 and  Table 5. Power as a function  of  time  is  shown  in 
Fig, 20, 

The  results  for  this  series of  measurements  are  as  follows: 
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Fig. 21. Growth of the 7.7 kilobar  plasma  column. 

Internal  energy u - 16 x 109 J/m3 

Pressure P - 7.7 kilobars 

Temperature T - 32 OOOOK 

Plasma  at ll5 Kilobars 

In  addition  to  the  quantitative  measurements,  several  qualitative  observa- 
tions  were  made of  the  behavior  of  the  high  pressure  plasma.  However, a dis- 
cussion  of  these  observations  will  be  reserved  for a later  section. For the 
quantitative  measurements, a plasma  column  was  formed  in  exactly  the  same  way 
as in the  case of the 7.7 kilobar  measurements.  Then in the  time  interval  from 
0.3 to 0.4 ysec,  the  shock  front  from  the  explosive  swept  laterally  through  the 
plasma  column  to  compress  it  to  the  high  level of pressure.  The  measurements 
of the  high-pressure  plasma  were  made  over  the  interval  from 0.5 to 0.9 ysec. 

When  the  shock  wave  swept  through  the  plasma  column,  the  circular cross- 
section of the  column  was  flattened  to ar. elliptical  section.  The  major  axis 
of the  section  was  easily  measured  by  photographing  the  plasma  through  the 
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TABLE 4 

C K L C U U T I O N  OF ELECTRICAL EK5XG-Y FOR 7.7 K I L O W  PLASMA COLUMN 

(4.37 mm average  length) 

Average Average  Correct.ed, 
currcn t , voltage 

kA kV 

1ndu.c t ive  E.lectric.al  power E l e c t r i c a l  energy 

length,  lengt.h, 
Time 
psec 

voltage per mm of column per mm of colunn vol tage,  
kV correct ion,  

kV Mw/mm J/IUtTl 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 

0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1 . 3  
1.4 

Ln a3 0.6 

0.0 

9.3 
21.7 
3:1.0 
43.4 
55.8 
68.2 
77.6 
89.9 
97.7 
108.0 
116.0 
122.0 
129.0 

" 

" 

" 

4.5 
3.53 
2.87 
2.L4 
2.20 
2.03 
1.80 
1.67 
1.53 
1.43 
1.37 
1.26 
1.17 

"- " 

" 

4.0 
3.03 
2.37 
1-97 
1.70 

1.30 
1.27 
1.13 
1.03 

0.96 
0.87 

1-53 

0.97 

0.0 
-I  

8.5 
15.1 
16.8 
19.6 
21.7 
23.9 
23.1 
26.1 
25.3 
25-5 
25.6 
26.8 
25.7 

0.0 
0.27 
1.12 
2.16 
3.68 
5-51 
7.57 
9.81 
12.3 
14.8 
17.3 
19-9 
22.5 
25.1 
27.7 



TABLE 5 

CALCULATION OF PRESSURE AND INTERNAL ENERGY PER UNIT VOLUME FOR 7.7 KILOBAR PLASMA 

Volume per mm Pressure cnlcu- Magnetic Total Energy lost   Mechanical work 

Time, of column late' from ''I" pinch  pressure,  
psec  length, 

by r a d i a t i o n  of expansion  per 
diameter,   rected column pressure, per mm of mm of column energy, 

u, 
J/m3 m expansion  ra te ,  p, 

m2 ki lobar   k i lobar  length, length,  
k i lobar  J/ITUIl J/UUl 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 

" " "- " " "- "- " 

" 

0.22 
0.34 
0.46 
0.58 

0.85 
0.98 
1.12 
1.26 
1.40 
1.54 

0.71 

" 

0.0381 

0.166 

0.396 
0.568 
0.754 
0.985 
1.25 
1.54 

0.0907 

0.264 

1.86 

1.14 
" 

2.60 
2.89 
3.57 
3.95 
4.09 
3.98 
4.09 
3.82 
3.79 
3.61 

" "_ " 

4.04 
5.59 
5.99 
6.87 
7.55 
7.79 
7.78 
7.89 
7-72 

0.014 

0.045 
0.023 

0.072 
0.117 
0.171 
0.234 

0.405 
0 315 

28.9 
23.5 
21.8 
20.4 
18.7 
16.9 
15.9 
14.6 
13.5 

0.004 
0.009 
0.017 
0.027 
0.038 
0 -053 
0.070 
0.090 
0.112 
0 * 137 

3.3 
3.6 
3.7 
3.8 
3.8 
3.9 
" - " "- " 

"- " "- "- 

I 



shock  front in a  direction  parallel to the  shock  propagation.  The  distortion 
was  negligible  in  that  direction.  However,  the  minor  axis  was  difficult to 
measure  because  a  side  view  photograph  had to be  taken  obliquely  through  the 
shock  front.  Distortion  was  severe. 

A tole  was  bored in the brass  extension  from  the  side so that a photo- 
graph  could  be  taken  of  the  plasma  from  that  direction.  Distortion  of  the 
dimensions  in  the  photograph  was  estimated from photographs  with  argon  flash 
illumination  as  described in Section I. A correction  factor of 0.6 was  applied 
to  the  measurements of the  minor  axis  to  obtain  the  true  dimension. 

Useful  side  view  photographs of the  plasma  column  were  obtained  for  times 
of 0.5 to 0.6 psec.  At  later  times  distortion  was so severe  that  useful 
photographs  could  not be obtained.  The  ratio of major  axis  to  minor  axis  was 
determined  for  that  time  interval and the  ratio  was  assumed  to  be  valid for 
all times  from 0.4 to 0.9 psec.  The  ratio  was 3.4. 

Figure 22 is a  graph of the  major  axis  as a  function  of  time.  The  diam- 
eter  of  the 7.7 kilobar  plasma  column  is  also  shown  for  comparison. 

I .o 1.2 
Time - p sec 

Fig. 22. Growth of the 115 kilobar  plasma  column  along 
the  major axis  of its  elliptical  cross-section. 

A photograph of the  current  and  voltage  traces  for a  typical test is 
shown  in  Fig. 23.  The  upper  trace  shows  current.  The  voltage  trace is of 
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Fig. 23. Photograph of the  oscilloscope  trace  for  current 
and voltage when explosive was used. 

particular interest because of the way it varies when the shock wave  passes 
through the plasma.  Without any explosive the voltage trace is a monotonically 
decreasing function. However, the resistance of the  plasma column increases 
when the shock wave compression occurs so that  the  voltage  across  the  plasma 
is  raised. When the voltage  is raised, the rate of current rise is  decreased 
so that the current  does  not reach as high a peak  value as it would  if no ex- 
polsive were used.  The  irregularity on  the voltage trace indicates  that  the 
compression of the plasma  occurred at the time which  was  determined  from  the 
measurements of shock velocity which were described in Section 1. 

Before the compression, the temperature was  characteristic of the plasma 
without  explosive  confinement. When the plasma  was  compressed  the  temperature 
fell from above 30 000°K to approximately 10 000°K. After  compression  the 
temperature showed a tendency to decrease  slowly  with  time until about 1.0 psec 
after the plasma  was  formed. A later section will describe the  variations in 
plasma temperature in more  detail. 

Electrical power and energy were computed from  current and voltage in 
the same way  as they were computed for the other series of tests.  The  power 
is plotted as a function of time in Fig. 20 and the  computations are shown in 
Table 6. 
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TABU 6 

CALCULATION OF ELECTRICAL ENERGY FOR 115 KILOBAR PLASMA COLUMN 

(4.39 mm average  length) 

~ 

Average Average 
current,  voltage, 

kA kV 

Inductive 
voltage 

correct ion,  

Corrected, 
voltage, 

kV 

E l e c t r i c a l  power E l e c t r i c a l  energy 
per mm of column per mm of column 

length,  length, 
Time, 
Wec 

kV Mw/m J/IIRll 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 

nl 0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2. 
1.3 
1.4 

(3\ 

0.0 

9*3 
17 .o 
24.8 
34.1 
41.8 
51.2 

" 

60.5 
69.7 
75.9 
83.7 
90.0 
97.7 

103.5 

" 

7.73 
4.80 
3.86 
4.07 
4.20 
3.80 
3.40 
3-07 
2.73 
2.53 
2.33 
2.17 
2.13 
2 .oo 

"- 
0.5 
0.5 
0.5 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.3 
0.3 
0.3 
0.3 

" 

7.23 
4 . 9  
3.36 
3.67 
3.80 

3.00 
2.67 
2.33 
2.13 
2.0; 
1.87 
1.83 
1.70 

3.40 

0 .o 

9-1  
13.0 
20.7 
29.5 
32.3 
35.0 
36.8 
37.0 
36.8 
38.7 
38.3 
40.7 
39.9 

" 

0.0 

1.12 
2.16 
4.08 
6.73 

-" 

9.73 
13. 1 

20.3 
24.3 

16.7 

28.2 
32.0 
36 .o 
39.9 
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Further  calculations  for  the  plasma  are  given  in  Table 7. Up to 0.3 psec 
the  calculations  are  identical to those  for  the 7.7 kilobar  plasma.  Then  the 
compression  occurs  and  the  calculations  become  different. 

For these  calculations  the  pressure  has  been  assumed  to  be 1-15 kilobars. 
Corrections  from  plasma  expansion,  pinch  forces,  and  shock  wave  pressure 
gradient  have  been  neglected.  The  corrections  are  a small percentage of  the 
total  pressure  and  furthermore  they  are of opposite  signs so that  they  tend 
to  cancel. 

Radiation  power loss was  completely  neglected  because  of  the  much  lower 
temperatures  which  occurred  at  high  pressure. 

When  the  plasma  was  compressed,  work  was  done  on  the  plasma  which  was 
equivalent  to a  negative  contribution  to  the  integral  of P dV.  The  contribu- 
tion  was  estimated  by  multiplying  the  difference  in  plasma  volume  at 0.4 psec 
for  the 7.7 and ll5 kilobar  series  by  the  average of 8 and 115 kilobars.  The 
result  was -0.6 J. 

Work  done  by  the  plasma  in  expanding  against  the  water  at 115 kilobars 
was  added  to -0.6 to  determine  the  total  contribution  to  the  work  integral. 
Work  done  prior  to 0.3 psec  was  negligible. 

The  change in  volume was  found  by  subtracting  the  volume  at 0.4 psec  from 
the  volume  at  the  time  of  interest  and  multiplying  by  the  factor  (1-n/1.6 x 
1029) with  n  being 1029. The  change  was  then  multiplied  by 115 kilobars  to 
obtain  the  work  done. 

The  numerical  results  for  the  high-pressure  plasma  are  the  following: 

Internal  energy  u - 50 x lo9 J/m3 

Pressure P - 115 kilobars 

Temperature T - 10 OOOOK 

Comparison 

fiom  the  results of the  three  series  of  t.ests,  some  observations  can  be 
made.  The  behavior of  temperature  as  a  function of pressure  is of particular 
interest.  The  highest  temperature  occurred in  the  plasma  with  the  lowest  pres- 
sure  and  the  temperature  at 115 kilobars  was-  much  less  than  the  temperatures 
at the  lower  pressures. 

For an ideal  gas  the  internal  energy  per  unit  volume  is  proportional  to 
the  pressure,  regardless  of  what  the  temperature  might be, Yet  for  the  plasmas, 



TABLE 7 

CAL(;I'ILATION o : ~  IWERNAL ENERSY PER UNIT V O L I . ~  FOR 11.5 KILOBAR P L A ~  

Ma,jor ax i s  of 
". - 

Minor 
ax is ,  

Volme  per Mechanical work In te rna l  
Time c.:il.:ipt i ca l   pe r  mm o f  energy, m- of  column 

Pressure, 
p .9 p .? e c cro%s section!  length, mm f3 kilobar  column length? u, 

mm 3 mmL ,T/lIUll J/m3 

0.0 " " " " " " 

0.1 " 1- " " 

0.2 0.22 0.2" -_ 3.04 
0.3 0. .3'J 0 0 y +  o .0909 4.70 

" " 

" " 

+o .026 23.4 

Compression of plasma by shock wave 

0.4 0.53 0.16 0.0666 115 -0.6 70.3 
0.5 0.71 0.22 0 123 115 -0.354  57.6 
0.6 0.89 0.27 0.188 115 -0.048  32.0 

0.8 le26 0.39 0.396 1.15 +o .83  44.2 
0-7 1.08 0.33 0.280 115 +O .Ob1 48.2 

0.9  1.45  0.45 0.513 11.5 +1* 33 42.1 



t h e   r e l a t i o n s h i p  between  energy  and  pressure i s  g r e a t l y   d i f f e r e n t .  For a 
30 t o  1 inc rease   i n   p re s su re  from 4 t o  113 k i l o b a r s ,   t h e   i n c r e a s e   i n   t h e   i n -  
ternal   energy is  only a f a c t o r  of 6. 



VI. DEBYE-H~CKEL THEORY 

,The  plasmas  which were  formed  without  the  explosive  confinement  were 
analyzed  with  the  Debye-Hgckel  shielding  theory.  The plasm temperature  was 
in the  range  where a large  fraction of the  atoms  were  ionized.  Thus,  the 
theory,  which  deals  with  interactions  of  charged  particles,  could  be  applied. 
However,  the  application  was  not  extended  to the  plasma  with  explosive  con- 
finement  because  the  temperature  and  charged  particle  density  were  much  lower 
than  for  the  plasmas  at  lower  pressures. 

The Debye-Hkkel theory  for  partially  ionized  plasma  has  found  consider- 
able  application  in  the  computation  of  thermodynamic  properties  of  plasmas 
under  high  pressures  such  as  those  which  occur in stellar  bodies.  Rouse 
published  numerical  results  for  several  elements  from  machine  calculations 
based  on  the Debye-Hkkel theory. ( 1 9 ,  20) Yet  at  the  same  time  he  acknowl- 
edged  that  the  theory  was  inadequate. In his  calculations  the  correction  term 
to  the  ionization  potential  in  Saha's  equation  became so large  that  it  exceeded 
the  original  potential. 

The  Debye-Hickel  theory  has a rigorous  theoretical  basis  and it  is cer- 
tainly  valid  for  computing  correction  terms  to  be  inserted in  ideal  gas  equa- 
tions  if  the  correction  terms  do  not  become  too  large.  Any  attempt  to  extend 
the  theory so that  the  corrections  are of major  significance  is  open  to  ques- 
tion  because  of  the  classical  formulation  of  the  theory.  At  high  particle 
densities  where  the  corrections  are  large,  quantum  effects  are  significant. 

The  theory  was  originally  proposed  by  Debye  and  Hcckel  in 1923 to  explain 
phenomena  in  electrolytic  solutions. (21) Their  somewhat  intuitive  derivation 
was  rigorously  proved  in 1950 by  Mayer  who  also showed an equivalence  between 
the  problems for an  electrolytic  solution  and  for an ion  gas. (22) 

Numerous  authors  have  presented  theoretical  derivations  using a variety 
of methods  and  their  results  reduce  to  the Debye-HKckel  theory  in the  limit of 
low density.  Yet  the  extension of  these  methods  to  higher  orders  of  correction 
becomes  unfeasible  because of computational  difficulties.  Villars  has  shown 
that  for a computational  method  devised  by  Green,  machine  computations  become 
very  lengthy or even  divergent  for  temperatures  less  than lO5'K. (23) 

Before  further  discussion  of  the  various  derivations  which  have  been  made, 
the  general  t,hecretical  approach will be  described. A l l  methods  are  oriented 
toward  the  calcalation of the partitim function  of  the  plasma  from  which all 
thermodynamic  properties  can  be  determined. 
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General  Theory 

In general,  the  partition  function  for  a  system of particles  is  defined 
as  the  sum  over all possible  configurations of the  system of the  quantity, 
e -E/kT. The  partition  function Z is  then 

where  Ei  is the  energy of a particular  configuration of particles. (24) 
Several  assumptions  are  made  under  which Z can be written in a more  spe- 
cific  form: 

1. The  system  contains  three  types of indistinguishable  particles  which 
are  atoms,  positive  ions,  and  electrons. 

2. The  particles,  particularly  the  electrons,  behave  classically. 

3. The  energy  of  the  system  is  the  sum of  the  thermal  energies  of  the 
particles,  the  internal  energies  of  the  particles,  and  the  energy 
of  interaction  between  particles. 

The  first  assumption  implies  that all molecules  are  dissociated  into  atoms of 
oxygen  and  hydrogen.  &rtin  has  shown  that  the  number of  undissociated  mol- 
ecules  is a  small  fraction  of  the  number of atoms  for a  temperature  of 30 000°K. 
( 3 ,  p. 264) The  assumption  is  not  valid  however  for  the 115 kilobar  plasma  at 
10 000°K. 

With  these  assumptions, Z can  be  written  as  the  following  function: (24) 

(6.2) 

The  index y ranges  over  the  particle  types; E. is the  sum  of  kinetic  and 
internal  energies  for a  single  particle of type y in  the  state j; Ny  is 
the  number of particles of  type 7; E, is  the  coulomb  interaction  energy 
for all particles  in  the  system; q is  the  summation  index  over all spacial 
configurations of the  system of particles. 

7 
J 

The  various  factors of Z are  considered  separately.  First  the  energy 
Ej is  written as  the  sum of kinetic  energy  Et  and  internal  energy E,. cj 
is  replaced by cs & and .& is  converted  into an integral  over  the  con- 
tinuum of kinetic  energies. 
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The  degeneracy of kinetic  energy  levels,  dg, is given by 

per  unit  volume  where 9 is  the  particle  mass  and  E  is  the  kinetic  energy. ( 2 5 )  
The  kinetic  energy  factor of Z then  becomes 

Jm e 
3 /2 -E/kT dg = (F) 

0 

The  internal  energy  sums  are  taken  over  the  excited  states of the  particles. 
The  contribution  from  the  electron  is  simply 

2 e  -EE/kT 
= Be  e -EE/kT ( 6 . 5 )  

where  Be = 2 is the  electron  spin  degeneracy  and E: is the  zero  energy. 
The  neutral  atom  can  exist  in  different  states  with  different  energy  levels 
which  have  corresponding  degeneracies.  Thus,  the  contribution  from  the  atom 
is 

c g, e 
-E:/kT (6.6) 

s 

where E: is the  energy  of  the s excited  state of the  neutral  particle 
represented  with  the  index  n.  This  sum  is  commonly  expressed as 

Bn  e 
-EE/kT 

whi.ch  contains  the  same  information in terms of the  ground  state  energy E: 
and  the  partition  function  over  excited  states %. 

In like  manner,  the  contri 

where  the  index  i  represents 

bution  from  the  ion  is 

Bi  e -Ei /kT 

the  Ion. If the  ion  is  a  bare  nucleus  without 
orbital  electrons,  then  Bi  reduces  to  unity. 

The  ground-state  energies  have  significance  only in their  relative mag- 
nitudes  which  are  related  to  the  ionization  energy x through  the  equation 



i e 
Eo + Eo x + E:: 

The sum over   spac ia l   conf igura t ions  i s  converted t o   a n   i n t e g r a l   o v e r   t h e  
volume of  the  plasma. The i n t e g r a l  i s  a mul t ip l e   i n t eg ra l   ove r   t he   coo rd ina te s  
of   each  of   the  par t ic les   and is  given  by 

Q /...I e -Ec/kT drl .  . .dran (6.10) 

where Ec i s  a func t ion   of   the   coord ina tes .  

The p a r t i t i o n   f u n c t i o n  i s  then  the  product  of t he   va r ious   f ac to r s  which 
have  been  described  and it i s  given by 

(6.11) 

The evaluat ion  of  Q i n  terms of  temperature T, volume V,  and numbers 
of p a r t i c l e s  N7 i s  t h e   p r i n c i p a l  problem  which must b e   t r e a t e d   t o   o b t a i n  a 
theory  for   propert ies   of   the   plasma.  Once 2 i s  known the   des i red   equat ions  
can  be  found  by  different ia t ion.   Internal   energy i s  given  by 

where free  energy A i s  -kT Ln Z. Pressure i s  given by 

P = kT- 3( &nz) 
dV 

Chemical p o t e n t i a l  p7 i s  given by 

P7 = - 

(6.12) 

(6.13) 

(6.14) 

Fina l ly ,   the   ion iza t ion   equat ion  o r  Saha’s  equation i s  obtained from t h e  con- 
d i t i o n  for equi l ibr ium which i s  given by 



Evaluation  of Q 

The conf igu ra t ion   i n t eg ra l ,  Q, can  be  found quite simply by using a 
nonrigorous method  which   does   g ive   phys ica l   ins ight   in to   the   l imi ta t ions  of 
t he   t heo ry ,  The method dea l s   w i th   f i nd ing   t he   po ten t i a l   ene rgy   o f   an   i on  
which i s  sh ie lded   wi th  a charge  cloud. 

Poisson ' s   equa t ion  i s  wr i t t en   fo r   t he   po ten t i a l   a round   an   i on   w i th   t he  
assumpt ion   tha t   the   po ten t ia l  i s  a l t e r ed   by   t he   p re sence   o f  a negative  charge 
cloud. 

(6.16) 

The charge p i s  the  net   charge  of  a c o l l e c t i o n  of pos i t ive   and   nega t ive  
p a r t i c l e s  which i s  given by 

where n i  and n; a r e   dens i t i e s   o f   t he   i ons   and   e l ec t rons .  

The n '   q u a n t i t i e s  are 
f o r  c h a r g e   d i s t r i b u t i o n   i n  a 
sen t s   t he   ave rage   dens i ty  of 
t rons   then   n i   and  n; are 

The preceding  equations 
f o r  $' which i s  

v 2  Jr 

To so lve   the   equat ion  l e t  $ 

determined  from a Boltzmann d i s t r i b u t i o n   f a c t o r  
region o f  nonuniform p o t e n t i a l .  If ne repre-  
ions which equals the   average   dens i ty   o f   e lec-  
given  by 

(6.18) 

can  be combined t o   o b t a i n  a d i f f e r e n t i a l   e q u a t i o n  

= aocp/r so t h a t  

(6.20) 

where a, i s  t h e  Bohr rad ius .  L e t  x and a be  def ined by 



“hen   t he   d i f f e ren t i a l   equa t ion  becomes 

(6.21) 

(6.22) 

Assume t h a t  cp/x i s  much less than   un i ty   fo r  r > a,. An equivalent  assump- 
t i o n  i s  t h a t  

The exponent ia l  terms may then  be  expanded i n  a s e r i e s   t o   l i n e a r i z e   t h e  equa- 
t i o n   w i t h   t h e   r e s u l t   t h a t  

9 = 2acp 

The so lu t ion  i s  

c p = -  e - & x  e 
4rr~,a, 

or in   t e rms  o f  t h e   o r i g i n a l   v a r i a b l e s ,   t h e   s o l u t i o n  i s  

The quant i ty ,   h ,   ca l lec  

“ 
e - r /h  

4rr E O r  
- e 

3 t h e  Debye length ,  is  given 

=F 2e2ne 

(6.24) 

(6 .26)  

The c o e f f i c i e n t   o f   t h e   e x p o n e n t i a l   f a c t o r   i n   t h e   s o l u t i o n  i s  determined  by 
t h e   c o n d i t i o n   t h a t  as a becomes small i n   t h e  limit where t h e   d e n s i t y  ne 
goes t o   z e r o ,   t h e   p o t e n t i a l   a r o u n d   t h e   i o n   i n   q u e s t i o n  must  approach  the  free- 
space  value.  



By differentiation  of  the  potential,  the  charge  density  about  the  ion 
can  be  determined.  The  density p is  given  by 

(6.28) 

The  calculation  of  the  charge clmd density  is  restricted  to  a  range  of 
temperature  and  density  which  meet.s  certain  conditions.  First of all,  the 
assumption  that e$/kT << i for r > a. introduces  a  restriction.  The  assump- 
tion  is  equivalent  to  the  statement  that  the  temperature  must  be  sufficiently 
high  that  the  prebability of the  existence of  an electron  in  a  bound  state  is 
very  small. Tkie limitation  of r to  values  greater  than a, arises  from  the 
quantum  theory  where  an  electron  cannot  exist  in an arbitrarily  low  energy 
state  about  an  ion. 

The  validity of the  concept. of  a  charge  cloud  is  restricted  by  the  dis- 
crete  nature  of  the  charged  particles.  For  the  analysis  to  be  valid,  a  great 
many  particles of both  charge  polarities milst exist  in  the  cloud. Thus, the 
shielding  distance  must  be  sufficiently  large  that  many  particles  are  included. 
The number of particles  within  the  Debye  radius is given  by 

5y expressing h  in  terms  of ne, N is  given  by 

Tgus,  as  the  density  becomes  large  the  approximation  of  a  distributed  cloud 
of charge  becomes poor. The  ion  is  shielded  by  strong  interactions  with  a 
very  few  particles  rather  than  by  weak  interactions  with  many  particles. 

To continue  the  derivation,  the  potential  energy of  the  central  ion  in 
the  field of  the  charge  cloud  is  given  by 

Q = J -  e p dV 
4zcor 

T h y  volme integral  over  dV  is  replaced  with  the  integral  from o to m 

of 4rr  dr  and  the  result of the  integration  is 



The  energy of an electron in the  field of the  other  particles  is  given 
by the  same  expression as for the ion.  Thus,  the  total  energy of the  system 
is  the sum over all charged  particles of the  system  with a factor of 1/2 be- 
cause  the  interactions  between  particle  pairs  are  counted  twice  in  the sum. 
The  total  energy  per  unit  volume  is 

With  this  result  for  the  interaction  energy of the  coulomb  forces,  the 
configuration  integral Q can be determined. If the  internal  energy  states 
of the  various  particles  are  temporarily  neglected,  the  internal  energy of 
the  plasma  is  given  by 

U - (Ne+Ni+Nn)kT - 2 N~ e2 
3 4n EOh 

(6.34) 

where N7 is the  product of volume  and  n Q can  be  deduced  by  working 
backward  from  this  equation  for U. 

7 '  

A similarity  method  described  by  Landau  and  Lifshitz (26) can  be  used 
to show  that  the  general  form of the  partition  function  is 

Z = T3N/2 VN f(VT -3 /9  ( 6 . 3 5 )  

where  f  is an arbitrary  function,  n  is  the  degree of homogeniety  of  the 
potential  function,  and N is the  sum of all  the  numbers  of  particles  of 
different  types. For Coulomb  forces  n  is -1. The  result  stated  by  Landau 
and  Lifshitz  is  somewhat  less  general  than  the  one  given  here  because  they 
did  not  include  the  factor VN 

If the  function f is a 
gas.  The  internal  energy  is 

constant  then  the  equation  is  that  for an ideal 

u =  

and  the  pressure  is 
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For a  nonideal gas, f is  not a constant and  the  contribution  to  u 
from f is 

This  quantity is equal to the  energy of coulomb  interaction, a/2 (Ne+Ni), 
which may  be  expressed  in  terms of T, V, and  Ne  rather  than  h.  Thus, 
a  differential  equation  is  obtained fcr  the  function f. 

” 3kT4V df = - b ( Ni 3/2+Ne 
f d(T3V) ( VT) 1/2 

The  const,ant b is  given  by 

(6.39) 

(6.40) 

The  equation  for f has  separable  variables of f and  T3V and  can  be  in- 
tegrated  to  obtain 

(6.41) 

Thus the  configuration  integral Q can  finally  be  written  as 

Nlunerous authors  have  evaluated Q with a variety of methods.  Their 
resulrs  are  equivalent  to  the  value  just  given  when  they  are  simplified  from 
what  is  usualiy a more  complex  analytical  description.  Their  more  general 
calculations  include  higher  order  corrections  than  the  Debye-Hgckel  theory  yet 
the  computations cf higher-order  effects  are  extremely  complex. 

Theimer  and  Gentry  evaluated Q by  expressing  the  potential  energy of 
the  system  in  terms  of  Fourier  components of the  particle  density. (27, p. 93) 
They were  able tc  obtain an integral of a product of functions of single  var- 
iables  whereas  the  potential  energy  is  normally a complicated  function of many 
variables. 
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Green  developed an iterative  procedure  for  evaluating  the  configuration 
integrd and  he  obtained  the Debye-Hkkel result  with  some  simplifying  approxi- 
mat  ions. ( 28) 

kyer used  the  method of cluster  expansions  which  has  been  described in 
detail  by  various  authors. (22) 

Equation  of  State 

When  the  partition  function is evaluated,  the  equation of state of the 
plasma  can  be  determined.  Here  the  phrase,  equation of  state, is  considered 
to  be  a  group  of  three  equations  which  are  commonly  called  the  thermal or 
kinetic  equation  of  state,  the  caloric  equation  of  state,  and  Saha's  equation. 
The  equations  are: 

P = " C N  kT - b ( Ne3/2+Ni 3 4  
v 7  3v JTV 7 

U = - 3 k T C  N7 - N7  E; - b( Ne3/2+Ni3/2) 
2 7  7 f i  

(6.43) 

(6.44) 

The  equations  are  subject  to  the  condition for charge  conservation  that 
fie = ni.  Then  for  two  variables  such  as T and P, the  equations  can  be 
solved  for  the  other  variables. 

Molecular  formations  were  neglected  in  the  partition  function  formulation 
so that  the  expression  for U does  not  include  the  energy of  dissociation  of 
the  water  molecule. If 1J is to  represent  internal  energy  relative  to  the 
normal  state  of  water  then  a  correction  term  must  be  added  to  account  for 
dissociation  and  other min'or  effects  such  as  the  energy of vaporization. If 
d is  the  energy  per atom,  which  is 5.2 lO-l9 J, then U is  increased  by 
the  term 

Modification  of  the  Debye-Hickel  Theory 

Because of the  limitations  of  the  Debye-HGckel  theory,  numerous  authors 
have  suggested  corrections  to  the  theory. 
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Theimer  and  Gentry  showed  that  any  classical  theory  which  attempts to 
calculate  a  finite  energy  for  a  system  of  point  charges  without  a  repulsive 
core  must  produce  the  Debye-Hzckel  result. (27, p. 95) T h u ~  they  suggest 
that  the  Debye-HGckel enera be  multiplied  by  the  factor 1 (l+u/n) to  in- 
troduce  the  effect of a  repulsive  core of radius 0. 

Ecker  and Krol l  determined a correction  to  the  ionization  potential in 
Saha's  equation  which  was  based  upon  the  Debye-HGckel  theory  for  low  den- 
sities  but  which Wa6 modified  for  densities  above a  certain  critical  den- 
sity. (29) 

Rouse  has  suggested  that  the  correction  to  the  ionization  potential 
should  be  the  Debye-HGckel  correction  times  the  factor 

where a. is  the  Bohr  radius. ( 2 0 ,  p. 663) The  modified  correction  asympto- 
tically  approaches  the  ionization  potential  in  the  high  density  limit. 

Comparison of Theory  and  Experiment 

The  plasma  consisted of  both  hydrogen  and  oxygen  ions. An analysis  of 
the  plasma  would  normally  require a  Saha  equation  for  each  type  of  ion.  How- 
ever,  because  the  two  types of ions  have  nearly  identical  ionization  potentials, 
the  calculations  could  be  simplified. 

Average  ionization  potentials  and  average  ratios of excited  state  parti- 
tion  functions  were  used in a single  Saha  equation  as  if  there  were  a  single 
type of ion.  Sample  computations  with  two  Saha  equations  showed  that  the 
apprcximation of using  one  equation  was  very  good.  With  one  equation  the  com- 
putations  were  much  simplified, 

Tonization  of  oxygen  beyond  the  first  level  was  neglected  because  the 
temperature  was  too low for  significant  ionization  to  occur  in  the  second 
level.  The  condition  was  thus  imposed  that  the  number of free  electrons  was 
equal  to  the  number of ions. 

Exci.ted  state  partition  functions,  Bi  and  Bn,  were  computed  from 
tables or' energy  levels  and  degeneracies  for  the  various  particles.  Figures 
were  taken  from a  tabulation by More. ( 3 0 )  For hydrogen  the  first  two  terms 
of the  silmmation were  included.  For  oxygen,  terms  were  taken  through  the 
level of 9.13 eV,  and  for  the  oxygen  ion,  terms  were  taken  through 7.01 eV. 
The  selection of terms  was  based  upon  the  relative  magnitudes of  the  terms 



and  upon t h e  amount of volume a v a i l a b l e   t o   e a c h   p a r t i c l e .  

Harris has   suggested  that   the   per turbat ions  of   internal   energy  levels  
should  be  included i n  a ca l cu la t ion   o f  plasma p rope r t i e s .  (31) Such perturba- 
t i o n s   a r e   n o t  a part of   the  Debye-Huckel theory  and  they would b e   d i f f i c u l t  
t o  compute.  Therefore,  they  are  not  included. 

The co r rec t ion   f ac to r  which was proposed  by  Rouse was in t roduced   in tu  
the   equat ions   for  P and U as we l l  as i n t o   t h e  Saha  equation. The r e s u l t s  
wi th   the   cor rec t ion   fac tor   were   no t   s ign i f icant ly   d i f fe ren t  from t h e  Debye- 
Huckel r e s u l t s  when the   i on iza t ion   po ten t i a l   co r rec t ion   t e rm was l e s s   t h a n  
the   i on iza t ion   po ten t i a l .  The Rouse modification was s ign i f i can t   fo r   cond i -  
t i o n s  where the  Debye-Huckel cor rec t ion   te rm  exceeded   the   ion iza t ion   po ten t ia l .  

Calculations were  performed  by  determining P, u, n i  and nn as 
funct ions o f  ne f o r  some temperature which was t r e a t e d  as a parameter. Re- 
s u l t s   o f   t h e   t h e o r e t i c a l   c a l c u l a t i o n s  for two d i f fe ren t   t empera tures   a re  
p lo t t ed   i n   F ig .  24 as a function  of  the  density  of  ions  and atoms  taken  to- 
gether .  

/ 

/ ' /  

/ 

/ 

.2 
/ 

DENSITY n - m-3 

IO x 109 

Fig. 24. Calculations  of  pressure  and  internal  energy as funct ions 
of  density from t h e  Debye-Huckel theory.  

77 



A comparison of theory  and  experiment  is  shown in Table 8. For a  given 
pressure,  the  predicted  value of internal  energy is much  lower  than  the  meas- 
ured  value.  The  theory  is so inadequate  that  modifications or extensions  can 
hardly  be  expected  to  be of much  help.  Thus an entirely  new  approach  is  nec- 
essary. 

TABLE a 
COMPARISON OF DEBYE-GCKEL THEORY WITH. MEASURED DATA 

Pressure,  Temperature, 
kilobars OK energy, 

Measured  internal Internal  energy 

J/m3 J/m3 
from  theory, 

4 3a 000 8.4 1.4 
7.7 32 000 16 2.8 

The  failure of the  Debye-Huckel  theory is  not  surprising  because of the 
number of particles  included in the  Debye  sphere. If the  number  is  evaluated 
for a  temperature of 30 000°K and an electron  density  of 5 x the  result 
is  that N = 0.113 when it  should  be  much  larger  than  unity if the  theory 
is  to  be  valid. 



VII. VIFUAL TKEOMM 

The  virial  theorem  is  used  here  as  the  basis  for  the  derivation  of an 
equation of state  to  replace  the  result  of  the  Debye-HGckel  theory.  The  use 
of the  virial  theorem  is  fundamentally  equivalent  to  the  use of the  partition 
function. ( 3 2 ,  p. 136) However,  the  form of the  virial  theorem  is  adaptable 
to a  different  interpretation of particle  interactions  which  leads  to  signif- 
icantly  different  results. 

Once  again  the  discussion  is  limited  to  the  case of the  plasma  without 
explosive  confinement.  Although  the  method  is  sufficiently  general  to  include 
the  results  at  high  pressure  the  interpretation  would  be  exceedingly  difficult. 

In the  preceding  chapter  the  inherent  classical  limitations of the  Debye- 
HGckel  theory  were  noted. To avoid  those  limitations,  the  computations of 
this  chapter are  based  upon  the  quantum-mechanical  form  of  the  virial  theorem 
which,  for  particles  with  coulomb  interactions,  is (32, p. 69) 

The  differential  dr  is  the  product of the  factors,  dxj, for  each  of  the 
coordinates  and  the  potential cp is  the  sum  over all particle  interactions. 
JI is  the  wave  function. 3/2 P describes  the  effects of  external  pressure 
upon  the  system  of  particles for unit  volume. 

Virial  Theorem  for a  Single  Atom 

As an illustration of the  interpretation  of  the  quantum  mechanical  formula- 
tion,  the  virial  theorem  is  applied  here  to  a  hydrogen  atom.  The  wave  function 
for  the  atom  is a product of wave  functions  for  translational  motion  of  the 
atom  and for orbital  motion  of  the  electron.  When  normalized  to a unit volume, 
the  wave  function for the  ground  state  is 

E j  is  translational  energy  for  the coordinate; M is  atomic  mass; a, 
is  the  Bohr  radius  given  by  411~,+i~/me . The  potential  energy  is j2 
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The swn over j of the  second  partial  derivatives  with  respect to the  coor- 
dinates  is  expressed  as  the sum of the  Laplacian of the  center  of  mass  in 
rectangular  coordinates  plus  the  Laplacian of the  electron  coordinates  rel- 
ative to the  ion in spherical  coordinates.  The  terms  in  the  virial  equation 
can  then  be evaluated. 

The  integration  is  performed  over  the  volume  for  both  sets  of  coordinates. 
Unit  volume  is  selected  for  the  translational  coordinates. For the  electron 
motion,  the  integral  includes all of  space  with  the  differential  volume  in 
spherical  coordinates  being 

r2  sin e dr de dcp 

The  result of the  calculations  is 

1 Ej + Eo = - - (-2Eo) + - p 1 3 
2 2 j 

(7.4) 

( 7 . 5 )  

The sum over Ej is  identified  in  terms of  temperature  as 3 / 2  kT; Eo is 
the  energy of motion of  the  electron  given  by e2/8rr~,a,; -2E0 is  the ex- 
pectation  value  for  the  potential  energy; P is  the  pressure.  The  kinetic 
energy of  the  electron  is  one  half  the  absolute  value  of  the  potential  energy. 

For n  noninteracting  atoms  per  unit  volume  the  result  is 

which  is  the  ideal  gas  equation.  The  contributions  from  the  electron  states 
cancel. 

Virial  Theorem  for  Interacting  Particles 

The  virial  theorem  can  be  written  for  a  collection of charged  particles 
without  distinguishing  whether or not  the  particles  exist in atomic  states, 
molecular  states, or ionized  states. All different  forms  are  manifestations 
cf cculcmb  interactions so that  the  equation  is  perfectly  general.  However, 
for  this  analysis  the  molecular  states  will  not  be  considered.  The  descrip- 
tion of such  states  would  be  very  difficult. 

The term  in  the  virial  theorem  which  arises  from  the  expectation  value 
of  the  potential  energy  is  denoted  by A and  the  term  from  the  expectation 
value  of  the  Iaplacian  operator  is  denoted  by B. The  terms  correspond  to 
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potential  energy  and  kinetic  energy of classical  physics.  Thus,  the  virial 
t.heorem  is 

where 9 includes  the  kinetic  energy of bound  electron  states  as  well  as  the 
kinetic  energy of translation.  With n electrons  and n ions  per  unit 
volume  the  equation  can  be  written  in  terms of average  kinetic  and  potential 
energies  per  pair of  particles  as 

= b + -  a 
2 n  2 

or 

P 2b  a 
n 3 3  
" -  - + -  

Energy  Equation 

The  internal  energy  per  unit  volume  of  the  plasma  is  determined  relative 
to the  internal  energy  of  water  under  normal  conditions.  The  energy  is  deter- 
mined  which  would  be  used in  an imaginary  process to convert  water  from  its 
normal  state  tc  a  state of complete  dissociation  and  ionization  at  zero  tem- 
perature.  Then  the  kinetic  and  potential  energies, B and A, are  added to 
that  energy  to  obtain  the  complete  expression  for  internal  energy. 

The  energy  for  the  imaginary  process  of  separating  the  electrons  and  ions 
at  zero  temperature is principally  the sum of dissociation  energy  and  ioniza- 
tion  energy  times  the  number of particles. Also, included in the sum are minor 
terms  such  as  the  energy  of  vaporization. For water  the  dissociation  energy 
cf a  molecule  is 15.03 x joules or 5.01 x 10m19 joules  per  atom.  The 
ionization  energy  for  either  type  of  atom  is 13-35 ev or 21.7 x joules 
From other  effects  there  is  a  contribution of 0.2 x lO-l9  joules so that  the 
sum of all  effects is 26.9 x lO-l9  joules  which  will  be  denoted  by f. Thus, 
internal  energy is given  by 

u = n( f+a+b) 

Limiting  Cases 

The  virial  equation  and  the  energy  equation  reduce to ideal  gas  equations 
for  appropriate  conditions.  The  case is  considered  here of a  partially  ionized 
gas of noninteracting  particles. 
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If the  fraction of atoms  which  are  ionized  is X, then  the kinetic en- 
ergy  per  particle  pair  is 

b = (1+X) - kT + (1-X) Eo 2 
3 '  (7.11) 

which  is  the sum of translational  energies of the  free  particles  and  orbital 
kinetic  energies of the  bound  electrons.  The  potential  energy is 

Therefore, P and u can  be  expressed  in  terms  of X as  follows: 

P 
n 
- -  - ( l+X)kT  (7.13) 

- = f + (1+X) 2 kT - (1-X)Eo 
n 

When X is zero,  the  equations  represent  a  neutral  ideal  gas  and  when X is 
unity,  the  equations  represent a  fully  ionized  ideal  gas 

U 

2 (7.14) 

Plasma hdel 

A plasma  model  must  be  constructed  for  the  evaluation of the  quantities, 
a and b, so that  the  virial  equation  and  the  energy  equation  can  be  used 
for  calculating  the  plasma  properties. A very  simple  model  is  presented  here, 
not  with  the  intention of  obtaining an accurate  theory,  but  with  the  intention 
of  illustrating  the  type  of  particle  interaction  which  causes  the  plasma  to  be 
so very  different  from  the  Debye-Hgckel  description.  Improvements  upon  the 
model  might  eventually  lead  to a  quantitatively  accurate  theory. 

The  model  consists of  a  collection  of  hydrogen  ions  and  electrons. 
Although  the  plasma  also  contains  oxygen  ions,  they  are  treated  as if they 
were  hydrogen.  The  approximation  is  supported  by  the  fact  that  hydrogen  and 
oxygen  have  the  same  ionization  potential. 

According  to  the  criterion  mentioned  by  Harris, an electron  is  considered 
to be  free  if  its  energy  is  greater  than  zero. (33, p. 1834) h r e  explicitly, 
the  kinetic  energy of  the  electron  must  exceed  the  depth of the  potential  well 
in  which  it  is  located. For an electron  near an ion  the  criterion  becomes 

3 e2 
2 ~ I - L E ~ ~  
- k T Z -  (7.15) 

At 30 000"K, r must be  greater  than 3.71 if the  electron  is  to  be  free. 
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Each ion  can  be  assigned a radius  determined  by  the  average volume per 
by the   equat ion  

f o r  a t y p i c a l   d e n s i t y  of m - 3 ,  ro i s  2.88 f i .  

Therefore ,   the   e lectron  cannot   possibly  be so far away from a n   i o n   t h a t  
it can  be  considered free. The s i t u a t i o n  i s  somewhat analogous t o   t h e   c a s e  
o f   e l e c t r o n s   i n  a metal  where t h e   e l e c t r o n s  are mobile   yet   t rapped  within  the 
metal.  Energy  equivalent t o   t h e  work funct ion i s  needed t o   f r e e   s u c h   e l e c -  
t r o n s .  

However, t h e  plasma e l ec t rons  do  not  behave as e l e c t r o n s   i n  a metal be- 
cause o f  t h e  random loca t ions   o f   t he   i ons .  The h igh   mobi l i ty   o f   e lec t rons   in  
a metal  depends upon t h e   r e g u l a r   a r r a y  of i o n s   i n   t h e   c r y s t a l   l a t t i c e .  As  
zhe  metal  temperature i s  r a i s e d   t h e   l a t t i c e   s t r u c t u r e  i s  perturbed  and  the 
mobili ty i s  decreased. The plasma  might  be  considered as a metal a t  such  ex- 
tremes o f  t e m p e r a t u r e   t h a t   t h e   l a t t i c e   s t r u c t u r e  i s  completely  destroyed. 
Thus, t he   e l ec t ron   mob i l i t y  would be low  compared with  the  mobil i ty   of   e lec-  
t r o n s   i n   m e t a l .  

The e l e c t r o n s   a r e   c o n s i d e r e d   t o   e x i s t   i n  quantum s t a t e s  which a r e   e s t a b -  
l i shed   by  small c l u s t e r s   o f   i o n s .  An e l ec t ron   i n   such  a s t a t e  i s  then   loca l -  
i z e d   t o   t h e   r e g i o n   o f   t h a t   c l u s t e r .  A s  Harris has   suggested,   the   e lectron i s  
not a f ree   par t ic le   and   does   no t   cont r ibu te  t o  ex terna l   p ressure   th rough  t rans-  
lat . ional  degrees  of  freedom. (31, p. 430) 

The e l e c t r o n  quantum s t a t e s  change rapidly  with  t ime  because  the  high 
ve lcc i t ies   and   h igh   dens i t ies   o f   the   ions   p roduce  a ve ry   h igh   co l l i s ion   r a t e  
among t h e   i o n s .  ( 3 ,  p. 261) The t ime  that   an  e lect , ron  can  be  ident i f ied  with 
any   pa r t i cu la r  quantum s t a t e  i s  probably  less   than 10-l' sec  because  of  the 
r a t e  a t  which the  ion  configurat ions  change.  

Calculation  of  Energies a and b 

The equation of s t a t e  of t h e   p l a s m  i s  obtained by c a l c u l a t i n g  a and 
b as functions  of  temperature  and  density.  To perform  the  calculat ions 
several   s implifying  assumptions are made.  The gross   aspec ts   o f   the  plasma 
behavior  then become apparent.  

The f i rs t  assumption i s  t h a t   t h e   k i n e t i c   e n e r g y  of t h e   i o m  i s  3 / 2  nkT. 
The temperature i s  s u f f i c i e n t l y   h i g h  that t h e   i o n   g a s   c a n   b e   t r e a t e d   c l a s s i c a l l y  
with  each  degree  of  freedom  contributing 1/2 kT of  energy. 



The t o t a l   k i n e t i c   e n e r g y   p e r  pair o f   p a r t i c l e s  i s  3/2 kT p l u s   t h e  
kinet ic   energy cf t h e   e l e c t r o n   i n  i t s  quantum s ta te  which i s  g iven   by   b ' .  
Thus  b i s  given  by 

b = b '   + - k T  3 
2 (7.17) 

The assumption i s  made that the   po ten t i a l   ene rgy  i s  given  completely  in  
terms o f   t h e   p o t e n t i a l   e n e r g y   o f   t h e   e l e c t r o n s   i n   t h e   f i e l d  of t he   i ons .  
That i s ,  t h e   q u a n t i t y  a i s  the   average   po ten t ia l   energy   of   the   e lec t rons  
i n   t h e  quantum states.  The e lec t ron-e lec t ron   and   ion- ion   in te rac t ions   a re  
neglected as being small compared wi th   t he   e l ec t ron - ion   i n t e rac t ions .  The 
n e g l e c t   o f   l i k e   p a r t i c l e   i n t e r a c t i o n s  i s  suggested  by  the  Wigner-Seitz  cal-  
cu la t ion  of t h e   c o h e s i v e   e n e r a   o f  sodium i n  which t h e   c o n t r i b u t i o n  was 
minor. ( 34) 

The average   k ine t ic   and   po ten t ia l   energ ies   o f   the   e lec t rons   a re   re la ted  
by some f a c t o r ,  g ,  which i s  defined  by 

b '  = - g a  

For a col lect ion  of   isolated  hydrogen  a toms,  g must be  1/2  because  of  the 
r e s u l t s  of t h e   v i r i a l  theorem f o r  a s i n g l e  atom. Yet, i n   g e n e r a l ,  g w i l l  
be   d i f f e ren t  from  1/2  because  the quantum states o f   t h e   e l e c t r o n s  w i l l  be 
determined  by  potent ia ls   other   than  isolated coulomb p o t e n t i a l s .  If t h e  
q u a n t i t i e s  a and b '   a r e   r ep laced   w i th  g and  with c = a+b ' ,  which i s  t h e  
ave rage   t o t a l   ene rgy   o f   t he   e l ec t ron ,   t hen   t he   v i r i a l   equa t ion   and   t he   ene rgy  
equation become 

P 1-2g 
n 3( 1%) 
- =  k T + c -  

- = - k T + f + c  U 3 
n  2 

The s ign i f i cance  o f  g becomes apparent  from  these  equations.  For g of 
1/2? t he   equa t ions   r educe   t o   t he   neu t r a l   i dea l   gas   equa t ions .  However, 
when  g i s  different   f rom  1/2? a co r rec t ion  term i s  in t roduced   i n to   t he  
pressure  equation. Thus, a re la t ion   has   been   es tab l i shed   be tween  the   d i s tor -  
t i o n   o f   t h e   e l e c t r o n  quantum s t a t e s   i n  terms of g and   the   p ressure   cor rec-  
t i o n   i n   t h e   e q u a t i o n   o f   s t a t e .  

Whether t he   co r rec t ion   t o   t he   p re s su re   equa t ion  i s  p o s i t i v e  or negat ive 
depends upon whether g i s  g rea t e r   o r  Less than  1/2.   (The  quantity c which 
i s  t h e  bound s t a t e   ene rgy  i s  less than  zero.)  The phys ica l   i n t e rp re t a t ion   o f  
g depends.upon  the amount of  confinement  of  the  electron. For t he   ca se   o f  
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i n t e r e s t   h e r e ,   t h e   e l e c t r o n  i s  not as t igh t ly   con f ined  as f o r   a n   i s o l a t e d  
atom  because it has quantum states defined  over a c lus t e r   o f   i ons .   In   such  
a case b I i s  less than -1/2 a.  However, f o r   t h e  hydrogen  atom i n  a r i g i d  
sphe r i ca l   con ta ine r   t he  volume a v a i l a b l e   t o   t h e   e l e c t r o n  i s  r e s t r i c t e d  and 
the  kinet. ic  energy of t h e   e l e c t r o n  i s  l a rge r   t han  -1/2 a. The app l i ca t ion  of 
t h e  model of t h e   r e s t r i c t e d  atom t o  a study of the  compression of s o l i d s  i s  
d i s c u s s e d   i n   t h e   l i t e r a t u r e .  ( 3 2 ,  pp. 264-271) 

To evaluate  c and  g, a s e r i e s   o f  quantum s t a t e s  for t h e   e l e c t r o n s  
must be  def ined  in   such a way that   average  values  of a and b '  can  be ccm- 
puted   over   the   se r ies .  The s e r i e s  i s  very complex because  of   the  var ie ty   of  
ion  configurat ions which g i v e   r i s e   t o   t h e  quantum s ta tes ;   the   accuracy   of   the  
r e s u l t s  depends upon how w e l l   t h e  states can  be  represented. A simple model 
i s  used  here t o  ob ta in  some equations which show orders  o f  magnitude  for P 
and u. 

The average   to ta l   energy  c i s  evaluated  by  assuming  the  available 
s t a t e s   t o   b e   t h e   f i r s t  two energy  levels  of the  unperturbed  hydrogen  atom. 
The f i r s t  two levels   are   chosen  because  the Bohr rad ius   o f   the   second  s ta te  
i s  l e s s   t han   t he   r ad ius  o f  a sphere  with a volume e q u a l   t o   t h e  volume per 
atom,  while  the Bohr r ad ius   o f   t he   t h i rd   s t a t e   g rea t ly   exceeds   t he   sphe re  
r ad ius .  A more r igorous   ana lys i s  would account for perturbations  of  the  en- 
e rgy   leve ls  which  would produce a spectrum  of  energies  over  the  range  l imited 
approximately  by  the two s t a t e s  which  were  chosen. 

The energy  levels  o f  t h e  states a r e  -13.55 ev  and -3.4 ev whi le   the  
degeneracies  are 2 and 8. The Fermi d is t r ibu t ion   func t ion   de te rmines   the  
d i s t r i b u t i o n  o f  e l e c t r o n s   i n   t h e   s t a t e s .   I n   t e r m s  o f  Fermi energy Ef and 
t h e   s t a t e   e n e r g i e s  o f  Eo and El, and t h e   r a t i o  of numbers of  e l ec t rons  
i n   t h e  twc types of  s t a t e s  i s  

" 0  go e E1-EF + 

kT 

The Fermi energy i s  determined  by  the  condi t ion  that  

( 7  c 21) 

where n i s  t h e  sum of t h e  numbers of e l e c t r o n s   i n   t h e  two s t .a tes .  



The energy c  is  determined  from  the  ratio of the particle  densities 
by finding  the  fraction of the  total  number of electrons in each  state  and 
summing  over  the  energies of each  state  to  obtain 

Results  are  given  in  Table 9 for  various  temperatures. 

AVERAGE  ELECTRON  ENERGY  c 

Temperature, Ef , 

4 
nl/no  no/, 

C? 
"K volts  joules 

3.0 X 10 
3.2 -14.41  0.170 0.855 -19.4 
3.8 -15.07  0.283 0.780 -18.1 

-14.23 0 137 0.880 -19.7 x 

4.0  -15.30  0.328 0 - 753 -17.7 

The  equation of state  is  much  more  sensitive to  the  value of g than 
it  is  to  the value of c, which  was  just  calculated.  Even  though  perturba- 
tions  were  neglected  in  the  computation of c, they  must  be  considered  in 
the  calculation of g. In general,  g  can be found  by  evaluating  b'  and 
a with an average  over  the  Fermi  distribution of electrons  in  the  various 
perturbed  quantum  states. 

The  calculation of g  can  be  simplified if the  perturbed  states  are de- 
fined  in  terms of a  distorted  coulomb  potential  which  is  given  by 

where  n'  is  different  from -1. By the  virial  theorem,  the  kinetic  energy 
of an electron  in  such a state  is  given  by 

where n' is  the  degree of homogeneity of the  potential  function.  When n '  
is equal  to -1, the  result  is  that  b ' = -1/2 a, but,  in  general, b ' and 
g  are  given  by 
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where a i s  given  by 

a = $ $ * r p $ d r  

The b a s i s   f o r  a computation  of n '  i s  i l l u s t r a t e d  i n  
a r e   l o c a t e d  a dis tance   o f  2r0  from  each  other  where 

(7 .27 )  

Fig. 25. Two ions 

Fig.  25. Determination  of  the  function K rn '  . 

The po ten t i a l   a long  a l i n e   j o i n i n g   t h e   i o n s  i s  evaluated  by summing t h e  
potent ia ls   of   each  ion.  The combined p o t e n t i a l  i s  approximated  by K r , n '  

the   cons tan ts   o f  which a re   eva lua ted  by s e t t i n g   t h e   f u n c t i o n   e q u a l   t o   t h e  
d i s to r t ed   po ten t i a l   func t ion   fo r  r equal  a, and  for  r equal  ro. The 
two conditions  determine K and n ' .  Thus, t h e  exponent  n' i s  determined 
as a func t ion   of   the   ion   dens i ty   n .   Resul t s   a re  shown i n  Table 10. 
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TABLF: 10 

THE DISTORTION PARAMETER g 

1 x 1 0 ~ 7  6.20 -0.737 0 369 
3 4.28 -0.699 0 350 
7 3.24 -0.664 0.332 
IO 2.88 -0.647 0.324 
20 2.28 -0.612 0.306 
30 1.99 -0.583 0.292 

Comparison of Theories  and h t a  

With c and g known  as functions of T and  n,  the  virial  equation 
and  the  energy  equation  can be solved for P and u  in terms of T and n. 
Results  are  shown  graphically  in Fig. 26. Also the  magnitude of the  correc- 
tion  term  in  the  pressure  equation  is  compared  with kT in Table 11. 

DENSITY n - m-3 

Fig. 26. Pressure  and  internal  energy as predicted by the  virial  theorem. 
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TABLE 11 

PRESSURF: EQUATION CORRECTION TERM 
(in joules) 

Density n, 
m- 3 

1 x 1 0 ~ 7  
3 
7 

10 
20 

30 

"~ 
Temperature 

32 000°K 38 000°K 

kT = 4.42 x kT = 5 .24 x 

-2.70 x 10-19 -2.52 x 10-19 

-3.38 -3.15 

-2.99 -2 79 
-3.26 -3.04 

-3-61 -3.37 
-3.79  -3.53 

The  principal  difference  between  the  results  of  the  virial  theorem  and 
the  results of the Debye-Hkkel theory  are  readily seen.  Although  internal 
energy  per  particle  is  nearly  the  same in  the  two  cases,  the  virial  theorem 
predicts  a  strong  condensation so that  a  much  greater  density  of  particles 
is  obtained  at  a  given  pressure  than for the Debye-Hiickel  theory.  Because 
of the  higher  particle  density, a higher  internal  energy  per  unit  volume  is 
obtained. 

The  strong  condensation  which  has  been  observed  is  supported  by an ex- 
periment  done  by  Cook  and  McEwan. (35) The  retention of size  and  shape of a 
plasma,  consisting of a  detonating  explosive  material,  implied  that  strong 
cohesive  forces  existed  in  the  plasma. 

Measured  data  and  the  results of each  theory  are  compared  in  Table 12. 
Although  there  is  not  close  agreement  between  the  results  of  the  application 
of  the  virial  theorem  and  the  data,  the  virial  theorem is  a  significant  im- 
provement  over  the  Debye-HGckel  theory.  With  a  more  detailed  analysis,  the 
method  based  upon  the  virial  theorem  might  produce  quantatively  accurate  re- 
sults.  However,  such an analysis is  not  attempted in the  present  work. 

The  parameter  g  can  be  evaluated  from  experimental  data  instead of be- 
ing  calculated  thecretically  if  the  energy  c  is  known.  When  c  is  known, 
the  density  n  is  determined  from  the  measurement of u. Then  the  only  un- 
known in the  equation  for P is  the  parameter  g.  The  values of c  from 
Table 9 were  used to determine g for the  measured  data.  Results  are  shown 
in Table 13. Because  the  values of g  are  substantially  different  from 1/2, 
the  perturbations of the  electron  wave  functions  are  large  and  theoretical 
computations of the  perturbed  levels  would  be  difficult. 
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COMPARISON OF DATA WITH PREDICTIONS 
OF THE VIRIAL THEOREM AND THE DEBYE-H~~CKXL THEORY 

Measured V i r i a l  theorem Debye-HGckel theory 

S t a t e  i n t e r n a l  Internal Density, Internal Density, 
energy, energy, atom/m3 energy, atom/m3 
J/m3  J/m3 J / m 3  

7.7 k i loba r s  
32 OOOOK 16 9 6.4 2.7 1.4 

TABLE 13 

PARAMETER g AND DENSITY n 
DETERMINED FROM DATA W I T H  VALUES OF c TAKEN FROM TABU 9 

S t a t e  

4 kilobars  
38 000°K 

n, 
a t  om/m3 g 

5.03 x 0.207 

7.7 ki lobars  
32 OOOOK 

11.3 0.297 
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VIII. THE PLASMA AT 115 KILOBARS 

Because the'plasma at 115 kilobars  is  much  cooler  than  the  plasmas  at 
lower  pressures,  it  has  entirely  different  properties.  At the  temperature 
of 10 000°K  the  fraction of particles  which  are  ionized  is  approximately 

according to Saha's  equation  and  many  of the  atoms  are  bound  in  molec- 
ular  form.  The  plasma  is  therefore  treated  as a  neutral  gas  which  is in an 
equilibrium  state of partial  molecular  dissociation.  Because of the  high 
densities , a correction of the  van  der  Waals  form  expressed as P(1-b)  is 
included  in  the  equation of state. 

The  irregular  formations of plasma  to be discussed in Section IX sug- 
gest  the  possibility of a highly  conductive  state  at  even  lower  temperatures 
of 6000 to 7000°K. The  electrons  are  apparently  mobile  because of the  high 
density  even at the  low  temperature.  The  possibility  of  such a  state  is  sup- 
ported  by  the  calculations of Harris. (33, p. 1836) However, for the  plasma 
temperature of 10 OOO°K, the  discussion  is  limited  to  the  conventional  model 
of  thermal  dissociation  and  ionization. 

Equations  for  Analysis 

As in  the  Debye-Huckel  theory  for  the  plasma  at  lower  pressure,  a  pres- 
sure  equation  and an internal  energy  equation  are  required. A Saha equation 
for  ionizaticn  is  not  needed  because  the  fraction of ionizaticn  is  too low to 
effect  either u or P. However,  dissociation  equations  are  required  in 
place  of  Saha  equations. 

The pressure  equation is 

P( 1-b) = (c ni) kT (8.11 
1 

where  the sum includes  the  densities  of  each of the  molecular  species  which 
exist.  The  correction b is  the  van  der  Waals  covolume  normalized  per  unit 
volume of plasma  rather  than  per  mole. In general , b cannot  be  equated  to 
handbook  values of covolume  which  apply  near  the  critical  points o f  gases. 

Internal  energy  is  given  by 

u = - kT 5: (fini) + tnn - c niDi 1 
2 1  i 

The  number of degrees of freedom of a molecule of type i is  given  by  fi 
which  includes  the  contributions of rotation  and  vibration  as  well  as  transla- 
tion.  The  temperature  is  sufficiently  high  so  that all types of molecular 
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motion  are  classical.  Thus,  for an atom,  fi = 3 ,  and  for  a  diatomic  mol- 
ecule,  fi = 7. The  expression  tnn  represents  the  energy  required  to  con- 
vert  water  from  its  normal  state to a  collection  of  neutral  atoms at zero 
temperature.  The  number of atoms is nn and  the  energy per atom is 
t = 3.21 x 10-19J which  consists  mainly of dissociation  energy.  The  expres- 
sion  for  internal  energy  is  then  reduced  by  the sum of dissociation  energies 
DL of molecules in nondissociated  states. 

For  a  molecular  equilibrium  reaction  given by 

where  a  and  b  are  atoms,  the  dissociation  equation  is (36, p. 320) 

The  constants  are  given  by 

g = statistical  weight  of  the  atom or molecule 
M = reduced mass-%%/(%+%) 
I = moment of inertia  of  molecule 
h = Planck's  constant 
s = hv/kT 
Y = fundamental  frequency  of  vibration  of  the  molecule 
D = dissociation  energy 

Three  types of reaction  are  considered  in  this  calculation.  "hey  are 
the  three  types of two-particle  interaction  given  by 

H + H Z H 2  
0 + 0 = 0 2  
O + H t O H  

Reactions  involving  three  atoms  are  neglected  as  being of secondary  importance. 
The  inclusion of such  reactions  would  complicate  the  system  of  equations  con- 
siderably. Also the  dissociation  equation  is  intended  only  for  two  atom  reac- 
tions. P and  u  would  each  be  less  for  a  given  density if three  atom  in- 
teractions  were  considered. 

Molecular  parameters  were  obtained from Russell  and  from  a  tabulation of 
molecular  properties  in  Leighton. (36 ,  p. 322; 37) Table 14 shows  the  numerical 
values  needed for  the  calculations. 



TiBLJ3 14 

NUMERICAL CONSTANTS FOR USE I N  THE DISSOCIATION  EQUATIONS 

I hv/k D 

% 4 0.504  0.459 x 1 0 - ~ 7  6620  7.15 x 10-19 
02 27  8.00 19 33 2270  8.13 
OH 3 0.948  1.482  5370  6.97 

The  constant  ratio of hydrogen  atoms  to  oxygen  atoms  imposes  the  condi- 
tion  that 

Calculations 

The  equations  are  solved  at 10 000°K for  different  particle  densities. 
The  procedure  is  to  assume a  value  for nH, the  density of  uncombined  hydrogen 
atoms,  and  to  compute  the  other  densities from the  dissociation  equations. 
Then u and P( 1-b) can  be  determined  from  the  densities. 

!The three  dissociation  equations  can  be  evaluated  at 10 000°K by using 
the  molecular  parameters  with  the  results  as  follows: 

"OnH 
nOH 
- =  aOH - - 3.76 x 10~7 

These  results  can  be  combined  with  the  equation  which  fixes  the  ratio  of 
hydrogen  to  oxygen  to  obtain an expression for no in terms of  nH  which is 
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A plot of results  as  a  function of nn, the  total number of atoms  whether 
or  not  in  molecular  association  is  shown in  Fig. 
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Fig. 27. Calculations  of  P(1-b)  and u for  plasma  at 10 000°K. 

Interpretation  of  Calculations 
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The  experimentally  measured  value for u of 50 x 10 9 joules  per  cubic 
meter  at 113 kilobars  corresponds to a  value  for  P(1-b) of 88 kilobars 
according  to  the  results  of  the  calculations.  Thus, b has  a  value  of 0.307. 
This  value of b  will  be  shown  to  be  a  reasonable  expectation of the  plasma 
model. 
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In the  van  der  Waals  equation  which  is  normally  applicable  near  the 
critical  point,  the  constant b' (per  mole)  is  one  third of the  critical 
volume.  The  constant  has been  tabulated  for  many  different  gases.  However, 
b' cannot  be a true  constant  because  otherwise  pressure  would  become  infinite 
as volume  per  mole  approached b'. In general,  b'  is a decreasing  function 
of both  density  and  temperature. 

For  the  plasma  at ll5 kilobars, b  can be shown to be less than  the 
handbook  value  which,  for  water,  is 0.0305 liter  per mole. With 3 atoms per 
molecule of water, b ' becomes 1.66 x 10-29 cubic  meters  per  atom. In terms 
of nn,  the  number  of  atoms  per  cubic  meter,  the  handbook  value  for b' in 
dimensionless  form  is 

However,  from  the  calculations,  nn  equals 1.09 x 1029 and b. equals 0.307. 
Thus, b must be  given  by 

b =  nn 
35.5 x 1028' (8.10) 

and  the  effective  value of b is  found to be approximately  one  fifth of the 
handbook  value. 

The value for b can  be  checked in terms of the  density of water  which 
has  been  compressed  by  the  explosive  shock  wave  with  no  electri.ca.1  discharge 
When  the  shock  front  passes  through  water,  the  atomic  density,  nn,  becomes 
1.6 X lo2? and  the  temperature  becomes  nearly 1000°K at 1-13 kilobars. (13) 
If the  kinetic  contribution  to  pressure  is  assumed  to  be  nnkT/3  where  the 
number of molecules is l/3  the  number of 

If numerical  values  are  substituted,  the 
K' , becomes 17.1 x and  b  becomes 

atoms,  then  the  pressure  equation is 

- " nnkT 
3 

(8.11) 

denominator of b,  designated  as 

(8.12) 

This  value  of b is  somewhat  larger  than  the  value  from  the  plasma  measure- 
ments  which  is  reasonable  because of the lower  temperature.  However,  it  is 
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smal le r   than   the  handbook value  which  c'ertainly  does  not  apply i n   t h i s  case.- 

Therefore ,   the   value  for  b, which was determined  from  the  measurements, 
l i e s   i n  a region which i s  acceptable .   Certainly b should  be  less   than  the 
handbook value  and  not  greatly  different  from  the  value  obtained  with  an 
analysis  of  the  explosively  compressed  water.  



IX.  ADDITIONAL  OBSERVATIONS AND INTERPRFTATIONS 

The  first  attempts  to  confine  plasma  with  pressure  from an explosive 
charge  produced some unexpected  plasma  growth  characteristics.  The  elec- 
trical discharge  was  timed  to  begin  after  the  shock  wave  from the explosive 
had  swept  over the discharge  electrodes  and  surrounded  them  with a  region of 
water  at  high  pressure.  The  plasma then  grew in  an irregular  pattern  which 
was  formed  from two  types of conducting  media at significantly  different 
temperatures. 

To avoid  the  irregular  growth, a uniform  plasma  column  was  formed be- 
fore  the  shock  wave  reached  the  electrodes.  Then  the  shock  front  passed 
through  the  plasma  and  compressed  it to  a uniform  column  at  high  pressure. 
The  plasma  column  and  the  water  around  it  had  different  shock  propagation 
characteristics so t.hat  reflected  shock  waves  were  generated  wherever  the 
front  passed  through an interface.  Thus,  the  plasma  column  was  not  as uni- 
form  as  it  might  have  been  if  the  first  attempt  to  produce a uniform  plasma 
had  been  successful.  Furthermore,  with  the  latter  method,  the  plasma  column 
split  into  two  parallel  columns  of  plasma  after  about 1.0 psec of uniform 
growth. 

Irregular  Plasma  Growth 

When  the  high  pressure from the  explosive  charge  was  established  about 
the  tungsten  initiating  wire  before  the  discharge  began,  the  plasma  formation 
was  very  irregular.  Several  tests  were  performed  at  different  rates of cur- 
rent  rise  and  at  different  pressures  with  the  pressure  depending upon the  dis- 
tance of the  plasma Yrom the  explosive  charge.  The irregular growth  occurred 
in all cases. 

A de1a.y of a  few  tenths of a microsecond  often  occurred  after  the dis- 
charge  was  triggered  before  appreciable  current  began  to  flow.  Light-emitting 
plasma  was  formed at  the  time  that  the  current  flow  was  established.  Thus,, 
the  tungsten  wire  was  not as effective  in  initiating  the  plasma  forma.tion as 
it  was  in  the  case  without  the  high  pressure  about  the  wire. 

The  type of formation  which  occurred  is  illustrat.ed  in  Fig. 28; Current 
flows  horizontaliy  in  the  photograph.  The  plasma  consisted  of  several  globular 
regions of hot  plasma  which  were  separated  from  each  other  by  regions of cool 
piasma.  Apparently,  there  was  no  continuous  column  of  hot  plasma  which con- 
nected  the  electrodes  and  whic.h  might  have been  the principal  path  of  current 
flow.  Because of the  lack of a continuous  hot  column,  the  cool  regions  as  w?ll 
as  the  hot  regions  had  tc  carry  discharge  current. 
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Fig. 28. Two photographs showing the irregular  growth of a plasma column 
formed in explosively compressed water. 

The irregularities in the 100 kilobar plasmas do not fade out with time 
but they actually become  more  pronounced.  The various regions also maintain 
their  identity  over a period of time. Two photographs of  the same test show 
how small irregularities which  exist  early in the plasma lifetime grow to be- 
come  more  prominent.  The two photographs of Fig. 28 illustrate the growth 
pattern  for  that  particular  experiment. Figure 29 shows two photographs  which 
also illustrate the growth of the irregular formations. In particular, the 
large ball of plasma, which has grown in a central location between the elec- 
trodes, is split by a wedge of cool plasma which is  not obscured or consumed 
by  the  growing ball  of hot  plasma. 

Fig. 29. Two photographs  showing the irregular  growth  Sor another experiment. 

Two photographs which were taken for two different tests  about 0.1 psec 
after  the  beginning of current flow are shown in Fig. 30. These  photographs, 
supposedly taken for identical conditions, illustrate two different  modes of 
plasma  behavior  during the early stages of plasma  formation. 

The  various  observations suggest the existence of two types of plasma 
which have  greatly  different  properties. In a  well developed discharge, 



Fig. 30. Two photographs  from different experiments showing alternate modes 
of plasma  development. 

regions of hot and cool plasmas exist. Also, the formation of the discharge 
path  may  occur in different  ways, one being the development of a small and 
relatively  hot  plasma column and the other being the development of  a rather 
diffuse  and cool conducting region. 

The  two  types of plasma  might  be distinguished by their  conductivity 
mechanisms.  The  hotter  plasma  might  be  considered as a dense  gas  which con- 
tains a low fraction of ionized  particles  migrating  under  the influence of 
an electric  field.  However,  the  cooler and consequently  more  dense  plasma 
might be considered as a type of lattice where all valence  electrons con- 
tribute  to conduction as in  a metal.  Neither  type of plasma can be  understood 
in terms of gaseous or metallic conduction as they are described by present 
theories, yet the need for some distinction of this  type  is  apparent if an 
explanation is  to be  found for the  plasma formations which  have been observed. 

The conductivity of the plasma  might be represented as a function of 
plasma  density  for  constant  pressure. As temperature drops below 10 000°K 
and  density increases, the number of free charge  carriers and the  conductivity 
drop.  However, at higher  densities corresponding to temperatures of about 
6 0 0 0 " ~ ,  the overlap  of electron wave  functions  gives rise to  a different  mcde 
of conductivity  which  is an increasing function of density. 

Reflected  Shock  Waves 

When the shock front  from the explosive  passes  through a plasma column 
which has already been formed, reflected shock waves are produced at  the inter- 
face between the  plasma and the water.  One  such wave is reflected back into 
the water when the shock front passes from water into the plasma.  Another  is 
reflected back into the plasma when  the shock front passes  from the plasma 
into the water on the other  side of  the plasma  column. 
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A photograph of the reflected shock front in the plasma  is shown  in 
Fig. 31. The photograph was taken about 0.1 psec after the principal shock 
front had traversed the plasma column. The view was normal  to the direction 
of shock propagation and through a hole in  the side of the brass extension. 
The  reflected shock front is moving downward in  the photograph. 

Fig. 31. Reflected shock front in  a plasma column which has been compressed 
with an explosive shock wave. 

Development 

In the case where 
sive shock front first 
growing  for 0.3 psec. 
was  being traversed by 

of the Plasma After Shock Wave Compression 

an existing  plasma column was compressed, the explo- 
arrived at the plasma column after the column had been 
Over the interval from 0.3 to 0.5 psec, the plasma 
the principal shock wave and reflected waves. Then a 

period of about 0.4 psec occurred  during which the column of plasma  had a 
fairly uniform temperature of about 10 000°K. The quantitative measurements 
were  made  then. Finally, at about 1.0 psec, another change  occurred  in the 
plasma  column  as it split  into two parallel columns  during an interval of 0.2 
to 0.3 psec. 

The process of splitting is illustrated  in the sequence of photographs 
shown in Fig. 32. The three  photographs were taken from  more than one test 
to show the entire  change  which  occurred.  The  first shows the plasma  in  its 
uniform state before the splitting begins.  The  second shows the  plasma  in 
an intermediate state where,  except for a small region in the center, the 
plasma temperature has fallen to the lower range near 6 0 0 0 " ~ .  The  third fig- 
ure shows the plasma after the split is complete  with  the  hot  center  region 
having  disappeared  completely.  The  new  columns have temperatures  approximately 
the  same as the plasma temperature before the change  began.  The  variations 
of temperature are suggestive that the process of splitting may  be related  to 
existence of the two types of plasma  which  were  discussed  earlier. 
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Fig. 32. Three photographs showing t h e  splitting of a plasma column after 
approximately 1/2 psec of confinement a t  11-5 kilobars. 

101 



CONCLUSION 

For  the  various  experimental  conditions  which  were  investigated,  numerical 
values  were  obtained  for  temperature,  pressure,  and  internal  energy.  These 
data  provided  criteria  for  the  applicability of theoretical  equations  which 
were  used in calculating  the  thermodynamic  properties of the plasmas.  The  two 
regions of pressure  which  were  studied  required  different  theoretical  models 
for  their  descriptions. 

For  pressures  from 4 to 8 kilobars,  the  plasma  temperature  was in the 
range  from 30 OOO to 40 000°K. The  Debye-HGckel  shielding  theory  was  used  to 
calculate  values of internal  energy  from  pressure  and  temperature  data,  and 
the  calculated  values  were  found  to  be  smaller  than  the  measured  values by a 
factor of five. 

Strong  cohesive  forces  existed  because of the  interactiong of the  closely- 
spaced  particles.  Because of the  cohesive  forces, the density  was  several 
times  greater  than  the  Debye-Hcckel  theory  predicted,  and  the  internal  energy 
per  unit  volume  also  was  greater.  However, the  energy  per  atom  was  slightly 
lower. A more  realistic  theoretical  prediction  was  based  upon  the  virial 
theorem  which  was  applied  to  highly  distorted  electron  quantum  states.  The 
cohesion  was  related  to  the  distortion  which  occurred  because of the  high 
dnusity.  

At a  pressure of 113 kilobars,  the  plasma  at 10 000°K was  treated  as  a 
partially  dissociated  gas of water  molecules  with  a  very  low  fraction of 
ionization.  The  concept of covolume  was  introduced  to  complete  the  interpreta- 
tion of the  experimental  data.  The  computed  covolume  was  a  small  fraction 
of  the  covolume  for  water  at  the  critical  point.  This  result  is  expected  at 
pressures  much  higher  than  the  critical  pressure. 

Irregular  plasma  growth  patterns  at  the  higher  pressure  under  certain 
conditions  indicated  that  ionization  was  occurring  because of the  high  density. 
However,  the  term  ionization  cannot  be  interpreted  in  the  usual  manner. A 
large  number  of  electrons  were  mobile  at  temperatures  in  the  range  from 6000 
to 7000°K, even  though  Saha's  equation  predicted  a  very  low  level of ionization. 
The  close  proximity of particles  produced  a  type of lattice  conduction  through 
the  overlap  of  wavefunctions. 
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